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Abstract 

The primary focus of this research is evaluation of feasibility, applicability, and accuracy of 

Doppler Light Detection And Ranging (LIDAR) sensors as non-contact means for measuring track 

speed, distance traveled, and curvature.  Speed histories, currently measured with a rotary, wheel-

mounted encoder, serve a number of useful purposes, one significant use involving derailment 

investigations.  Distance calculation provides a spatial reference system for operators to locate 

track sections of interest.  Railroad curves, using an IMU to measure curvature, are monitored to 

maintain track infrastructure within regulations.  Speed measured with high accuracy leads to high-

fidelity distance and curvature data through utilization of processor clock rate and left-and right-

rail speed differentials during curve navigation, respectively.  Wheel-mounted encoders, or 

tachometers, provide a relatively low-resolution speed profile, exhibit increased noise with 

increasing speed, and are subject to the inertial behavior of the rail car which affects output data.  

The IMU used to measure curvature is dependent on acceleration and yaw rate sensitivity and 

experiences difficulty in low-speed conditions. 

 

Preliminary system tests onboard a “Hy-Rail” utility vehicle capable of traveling on rail show 

speed capture is possible using the rails as the reference moving target and furthermore, obtaining 

speed profiles from both rails allows for the calculation of speed differentials in curves to estimate 

degrees curvature.  Ground truth distance calibration and curve measurement were also carried 

out.  Distance calibration involved placement of spatial landmarks detected by a sensor to 

synchronize distance measurements as a pre-processing procedure.  Curvature ground truth 

measurements provided a reference system to confirm measurement results and observe alignment 

variation throughout a curve.  Primary testing occurred onboard a track geometry rail car, 

measuring rail speed over substantial mileage in various weather conditions, providing high-

accuracy data to further calculate distance and curvature along the test routes. 

 

Tests results indicate the LIDAR system measures speed at higher accuracy than the encoder, 

absent of noise influenced by increasing speed.  Distance calculation is also high in accuracy, 

results showing high correlation with encoder and ground truth data.  Finally, curvature calculation 

using speed data is shown to have good correlation with IMU measurements and a resolution 

capable of revealing localized track alignments.  Further investigations involve a curve 

measurement algorithm and speed calibration method independent from external reference 

systems, namely encoder and ground truth data.  The speed calibration results show a high 

correlation with speed data from the track geometry vehicle. 

 

It is recommended that the study be extended to provide assessment of the LIDAR’s sensitivity to 

car body motion in order to better isolate the embedded behavior in the speed and curvature 

profiles.  Furthermore, in the interest of progressing the system toward a commercially viable unit, 

methods for self-calibration and pre-processing to allow for fully independent operation is highly 

encouraged.
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Outline 

 Section 1 provides the motivation for the study, details the primary objectives supporting 

the project, and describes the approaches used at obtaining these objectives. 

 Section 2 provides an overview of primary track geometries followed by a description of 

LIDAR technology and its role in the railroad environment.  Virginia Tech’s use of LIDAR 

is introduced as well. 

 Section 3 details the initial LIDAR system tests mounted to a Hy-Rail vehicle navigating 

revenue service track. 

 Section 4 presents results from initial testing on a rail geometry vehicle assessing speed, 

distance, and curvature measurements. 

 Section 5 presents LIDAR system tests on a rail geometry car after the introduction of a 

higher-end PXI processing system. 

 Section 6 reviews system testing during the first primary phase of the study with a car 

body-mounted setup. 

 Section 7 reviews system testing during the second primary phase of the study with a car 

body-mounted setup.  An emphasis on curvature evaluation is present in this part of the 

study. 

 Section 8 discusses the development of a curvature quantification algorithm specifically 

for LIDAR data for independent evaluation of curvature without external reference data 

 Section 9 presents the study of using GPS data to compute train heading and determine 

tangent sections of track.  It is shown that calibration of LIDAR speed data over tangent 

track results in high correlation with other sensors. 

 Section 10 provides a summary of the results from this research and offers 

recommendations for future research in LIDAR technology as a railroad inspection tool. 
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1 Introduction 

1.1 Motivation 

Current rail speed sensors, including tachometers, radars, GPS, ground truth instruments, etc., 

individually or in combination, all have failure modes at very low speeds and inaccuracies 

proportional with increased speed.  A noted weakness of traditional systems that rely on wheel 

rotation for tachometry and odometry is that the train wheels slip or slide, leading to high error 

rates (0.1-1.0%) [1] with respect to increasing speed, not to mention variable effective rolling 

radius due to the conicity of the wheels.  Currently, to compensate for mechanical tachometer 

errors, secondary odometry inputs often employ Doppler radar units beneath the train to measure 

speed independently [2].  Radar beam widths, however, impose fixed accuracy limitations at all 

track speeds, and radars do not operate below a few miles per hour. 

LIght Detection And Ranging (LIDAR) is a non-contact measurement technique that determines 

speed with high accuracy.  LIDAR sensors use Doppler technology in which a laser pulse is 

emitted at a specific wavelength and reflected off a target of interest.  The backscatter of light is 

detected and compared with the emitted light frequency to obtain the Doppler shift [3].  In similar 

LIDAR systems, using the travel time of the laser pulse and the Doppler shift in wavelength, the 

speed of a moving object can be determined; in this case, a moving railcar relative to the track [4].  

Incidentally, this is the same technology that law enforcement uses to catch speeding drivers [5].  

No other speed-sensing technology has the accuracy, linearity, and speed range of that associated 

with Doppler LIDAR systems.  This is simply due to the fact that the wavelength of light employed 

in these systems is 10,000 times shorter than radar, leading to a similar increase in accuracy and 

expansion of the speed range.  This improvement makes LIDAR a suitable replacement for 

previous non-contact radar systems performing the same tasks [6]. 

1.2 Objectives 

The primary objectives of this study are: 

 Demonstrate the viability and applicability of LIDAR systems for measuring speed, 

distance, and track curvature for railroad applications. 
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 Determine if LIDAR systems can be used to replace wheel-mounted encoders and Inertial 

Measurement Units (IMUs) used for track speed and distance and track curvature 

measurements, respectively, in track geometry vehicles. 

 Establish the accuracy of LIDAR systems in measuring track speed, curvature, and distance 

as compared with encoders and IMUs. 

 Highlight the practical advantages and disadvantages of LIDAR systems for railroad 

applications in order to determine the needs of future development efforts toward a 

production-viable, non-contacting, multifunctional sensor. 

 Design and build a prototype system that can survive demanding railroad environments 

and operate in an unmanned fashion. 

 Successfully perform system calibration tests on a stretch of tangent track using an optical 

sensor to detect reflective distance markers distributed over measured spatial intervals. 

 Perform ground truth chord measurements on selected track curves and assess the accuracy 

of LIDAR curvature measurements. 

 Determine the feasibility in detecting rail alignment variation. 

 Communicate a real-time foot pulse signal directly to the geometry car equipment from the 

LIDAR processor, emulating the wheel-mounted encoder. 

 Perform comprehensive field tests collecting train speed, gage variation (alignment), and 

communicating foot pulse demarcations with the Norfolk Southern (NS) system to provide 

spatial data sampling and a speed profile similar to that given by the encoder. 

 Test a reduced-cost analog circuit processor for parallel speed measurement to current 

LIDAR geometry car measurement techniques. 

 Develop a standard for curvature measurement from VT LIDAR data by which any given 

data file is evaluated under a single set of analysis operations and criteria. 

1.3 Approach 

 A laboratory-grade LIDAR system, already available at the Railway Technologies 

Laboratory (RTL) of Virginia Tech (VT), is tested onboard the Federal Railroad 

Administration’s (FRA) Hy-Rail vehicle, R4.  The results of the tests are used to provide 

an initial assessment of the LIDAR system’s functionality in various rail environments 

(such as wet and dry rail), and in the presence of special track work (frogs, switches, etc.). 
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The tests are also used to determine the most suitable orientation of the LIDAR lenses 

relative to the rail head geometry. 

 Following Hy-Rail vehicle tests, the system is operated from a track geometry 

measurement railcar observing revenue service track.  The laboratory-grade LIDAR system 

is installed onboard the railcar and tested on short runs in order to gain a better 

understanding of the critical issues for operating the system in revenue service.  The tests 

are also intended to evaluate the performance of the system at speeds higher (upwards of 

70 mph) than that of the Hy-Rail vehicle. 

 The experience from testing the laboratory-grade system onboard the Hy-Rail vehicle and 

the track geometry railcar is used to design and build a field-hardy prototype system that 

can better withstand the rigors of field testing, and can be operated with minimal operator 

attention in a nearly unmanned manner. 

 Tests are performed onboard the track geometry railcar to accumulate a large number of 

miles in revenue service, and to expose the system to various types of track and weather 

conditions. The tests are aimed at assessing how well the components exposed to the 

ambient environment, such as the LIDAR lenses, can withstand the vibrations, jarring, and 

dirt and grime present in a revenue service setting. The tests are also used to ensure that 

the system can work in different installation configurations (attached to the railcar truck or 

body). 

 The data accumulated during the tests are processed using different signal processing 

techniques to obtain the measurements of interests: track speed, distance, and curvature.  A 

comparison is made between the LIDAR measurements and the encoder’s and IMU’s data 

to establish the relative accuracy of the system. 

 A 1000-ft tangent section of track near the Roanoke area is measured manually to obtain a 

ground truth “test section” for calibration of the LIDAR system.  White-painted markers 

are placed at designated intervals along this section to generate a signal from an optical 

sensor onboard an NS geometry car.  The optical sensor is given the term fiduciary sensor.  

When the geometry car travels over the test section, flags are produced by the fiduciary 

sensor and are correlated with the speed and processor clock to obtain a distance estimate 

between the markers.  The ground truth distance measured between markers is used to 

calibrate the LIDAR data by adjusting the system’s estimation of distance traveled. 
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 Hosted by Norfolk Southern personnel, VT students perform mid-chord offset 

measurements from a 62-foot chord, the standard ground truth measurement technique, 

along 6 designated curves between Roanoke, VA and Bedford, VA.  To maintain a high 

resolution of the curve profiles, measurements are taken at 7.25-ft or 15.5-ft increments, 

depending on which spatial frequency was assigned to each curve.  The ground truth 

curvature data is intended for direct comparison of LIDAR curvature estimation. 

 The ability of LIDAR to capture speed of a moving target is extended to capture a perceived 

lateral motion of the rail given longitudinal motion of a railcar.  Car-body-mounted LIDAR 

lenses are configured to a shallow angle from the normal of the gage face of the left and 

right rails such that the relative lateral motion of the rails is largely along the axis of the 

lenses.  The Doppler frequency detected by the LIDAR system correlates with the lateral 

motion of the rail and is converted to spatial variation with known longitudinal speed of 

the geometry car.  A post-processing algorithm calculates rail deviation and expresses the 

results as alignment variation.  The success of this implementation furthers the versatility 

of LIDAR as a rail geometry monitoring system. 

 Integrate a foot pulse generator that utilizes the LIDAR processor clock and direct 

measurement of train speed. By producing a foot pulse demarcation and thus a speed 

estimate (ft/s), the LIDAR system can emulate the rotational encoder mounted to the train 

wheel. 

 With the assistance of NS geometry car personnel, the LIDAR system is operated in both 

manned and unmanned fashions.  One of the first test runs involves monitoring the 

fiduciary sensor readings and adjusting the proper calibration parameters for accurate speed 

and gage variation measurement.  One test involves no interaction with NS or VT personnel 

with the exception of simple power-on and shutdown procedures.  Finally, a test run is 

completed with the LIDAR system emulating the encoder by producing its own foot-pulse 

demarcation and speed based on the LIDAR system’s instantaneous speed measurement 

and MCU clock.  The success of the series of tests validates the utility of LIDAR as a 

robust, versatile system in track monitoring. 

 A comprehensive analysis of the performance of the LIDAR system over the duration of 

the preceding and current programs provides the VT research team with strong evidence 

that LIDAR technology provides a highly versatile use on rail inspection techniques.  
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Through observations of system hardware performance and extensive data analysis, this 

report provides strong support for VT’s claim that rail monitoring and inspection are 

feasible through LIDAR technology. 

 Fabricate an analog circuit processor using a swept-frequency Spectrum Analyzer circuit.  

The processor serves as an auxiliary unit able to read in the LIDAR Doppler signal and 

provide a speed signal separate from the PXI processor.  Testing is performed both in the 

lab environment and onboard an operating geometry car in the same manner the PXI and 

PCI systems are tested.  The data is written digitally for comparison with the outputs of the 

other systems.  Successful data acquisition from the analog processor demonstrates 

feasibility of a reliable, low-cost path for non-contact speed sensing with LIDAR 

technology. 

 Construct an algorithm for curvature data processing.  Matlab will be used to process 

LIDAR data using a single algorithm which autonomously collects curvature data with 

minimal input from the user.  This eliminates inconsistencies in data analysis from manual 

operations such as data shifting and curve element estimation unique to a given data file.  

This implementation is part of the effort to provide a comprehensively autonomous 

curvature detection and analysis system. 

1.4 Contributions 

The potential contributions of the research presented in this study to LIDAR technology, railroad 

inspection practices, railroad inspection technology, and instrumentation design are: 

 Innovative instrumentation to rail geometry cars for railroad health monitoring 

 New avenues of research into multifunctional system for comprehensive rail geometry 

assessment 

 Provide higher-accuracy records of rail monitoring parameters such as track speed, 

distance traveled, track curvature and alignment, gage width, etc. [7]. 

 Extension of LIDAR applicability and further development of LIDAR technology in the 

railroad environment 

 Introduce a method of railroad monitoring that is versatile in physical configuration, 

allowing more focus on a particular target parameter if desired 
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 Provide an alternative to a wheel-mounted, rotary encoder and inertial measurement unit 

with a single processing system 
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2 Background and Technical Review 

This chapter provides an overview of viable uses of technology in railroad monitoring and the 

technical principles underlying the research performed in this study.  First, rail geometry 

terminology is presented for reference throughout the document.  Next, a background of railroad 

inspection techniques is presented.  Finally, LIDAR technology is introduced as a useful tool for 

rail inspection. 

2.1 Rail Geometry Definitions 

The following definitions describe geometrical features of the railroad that are widely monitored 

and measured to assess the rail condition.  Elements that produce unusual or outstanding 

measurement readings in accordance with railroad standards are flagged and investigated further 

for possible maintenance or replacement [8-10].  If the reader is familiar with railroad geometry 

and terminology, it is recommended to continue reading from Section 2.2: Railroad Health 

Monitoring Practices and Techniques. 

Alignment The alignment defines the lateral deviation from the longitudinal track trajectory.  

This parameter is also used to define curvature on a larger scale, where the degree of curvature is 

rated based on the geometry’s lateral deviation from tangent, or straight track.  For curved track, 

the offset from the midpoint of a subtended chord of 62 ft is related to track curvature, defined 

below.  The chord application called stringlining is discussed later. 

Cant Angle The cant angle, or simply cant, defines the rotation of the rail profile about its 

longitudinal axis.  Rotation toward the gage of the track is generally defined as positive and an 

outward rotation is negative.  It is important to check the sign convention used by a particular 

measurement system or rail personnel as it may be the opposite of the above. 

Chord The chord length over which alignment, curvature, or profile is measured.  The chord 

length applied varies depending on the measurement of interest and desired information, with 

attention to the filtering effects from the mid-chord measurement obtained. 

Curvature The study and monitoring of railroad curvature is an important component in 

railroad engineering and is given special attention here.  Geometric curve characteristics and curve 

conditions are influential in the curving performance of a rail vehicle and ultimately lead to wear 
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of the rail vehicle’s flanging wheel and gage face of the rail [11-14].  Additionally, curves must be 

designed to allow safe negotiation for a given speed-rated territory.  Parameters such as degrees 

curvature and superelevation (see definition) are therefore routinely monitored and must meet 

federal regulations. 

A single curve is made up of 3 major segments connecting two segments of unaligned tangent 

track.  The main body of the curve is the section of the curve with constant radius R  and constant 

superelevation.  The segments connecting the curve body to tangent track are transition regions, 

or spirals, following a quadratic trajectory in both curvature and superelevation.  An illustration is 

presented in Figure 2-1.  Entering the curve, the track transitions from tangent track with zero 

curvature and superelevation to the curve main body with constant, nonzero curvature and 

superelevation.  The reverse happens when negotiating out of the curve body back to tangent track. 

 

Figure 2-1 – Primary railroad curve components.  The main body of a curve always lies between transition 

regions, or spirals, connecting it to tangent track 

Rail monitoring vehicles, such as Hy-Rail trucks (‘Hi-Rail’ is also an accepted spelling) or rail 

geometry cars, are instrumented to quantify the conditions of railroad curves.  Curves are rated in 

degrees, measured by the angle subtended at the center by a chord of 100 ft [15, 16].  Degrees 

curvature, superelevation, and rail alignment are an example of the information collected over a 

curve.  This information is usually achieved using an inertial measurement unit (IMU) which 

measures yaw rate of the vehicle in motion.  The LIDAR system, detailed throughout this report, 
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measures curvature using a speed differential obtained from the left and right translational wheel 

speeds and accounting for rail geometry. 

Gage The gage G  defines the lateral distance between the rails at 5/8 in. below the top of the rail 

heads.  The standard gage in North America ranges from 56 to 57.25 in., the nominal distance 

being 56.5 in. 

Grade Similar to highway and geographical terminology, the grade defines the ratio, expressed as 

a percentage, between the vertical and longitudinal progression in the direction of travel.  It may 

be expressed as a percentage describing the vertical deviation over a 100-ft longitudinal track 

trajectory. 

Profile The track profile is defined as the vertical deviation from the track trajectory.  A chord of 

a particular length is used to measure the offset of the rail during manual measurements.  Digital 

sensors are more widely used today which are able to measure the profile from a moving rail 

vehicle [17].  Significant deviations in rail profile due to worn track or degraded infrastructure lead 

to unwanted vibrations and dynamic behavior of rail vehicles and are therefore closely monitored 

by inspection equipment. 

Spiral The section of track serving as a transition between tangent (straight) and curved track.  

From tangent to curved track, the track continuously increases in degree of curvature from zero to 

the degree of constant curvature in the main body of the curve.  Spirals are used to transition 

between curves of different degrees as well.  Geometrically, a spiral is similar to a spline. 

Superelevation The superelevation ℎ defines the absolute vertical offset between the left 

and right rails.  This geometry is applied for curved track sections and is designed with 

consideration of the degree of curvature (defined below) and rated territory speed to ensure proper 

balancing of railroad cars.  Note that the majority of this study does not take into account 

superelevation unless otherwise noted as it does not significantly affect the data obtained by the 

VT LIDAR system.  Superelevation generally ranges from zero to a few inches. 

Tangent Track Straight track, with no intended nonzero alignment or any deviation in 

profile or crosslevel. 
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2.2 Railroad Health Monitoring Practices and Techniques 

At the heart of maintaining a safely operating railroad is the practice of health monitoring and 

inspection of the railroad infrastructure.  Under FRA regulations, the railroad is routinely inspected 

for unusual infrastructure and rail conditions to ensure safe operation of freight and passenger 

service trains.  Particularly for the rails, geometric deviations and wear conditions are inspected 

using various methods from manual practices to advanced technological inspection devices [18]. 

Railroad geometry is closely monitored to ensure safe operation of revenue service vehicles.  

Geometric parameters as those defined in Section 2.1 are measured and characterized using an 

expansive array of techniques and technological resources [9, 19-26].  Typically, sensors or sensor 

networks are fixed to a particular component of the body of a rail inspection vehicle such as a Hy-

Rail truck or track geometry car.  Common sensors that offer high versatility in application are: 

accelerometers for tracking car-body response to vertical and lateral deviations as well as 

determining speed and location through integration techniques [27-30]; inertial sensors for 

tracking yaw motion of the vehicle through curved track or general orientation behavior in 

response to changes in track geometry [31-34]; tachometers and encoders for speed and 

localization [27, 35]; and GPS tracking for location mapping of track features [27].  These 

examples are among many other inspection techniques used today. 

Rail defects are monitored using devices that are typically fixed to a rail inspection vehicle 

depending on the desired metrics.  Portable devices, or trolley systems are also available and 

provide high-precision data while guided manually by a human operator [10, 25].  Internal defects 

can be located with ultrasonic methods [36], rail head defects analyzed by wavelet analysis [37], 

and various infrastructure defects and debris captured through vision systems [38-41], to name just 

a few methods.  With the advancement and innovative use of today’s technology, the vast amount 

of rail wear types (see [42]) are measured and characterized with higher precision and efficiency. 
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2.3 Derivation of the Mid-chord Offset Relationship with Standard 

Curvature 

A direct method of profiling a track curve is achieved using short-chord measurement, also termed 

stringline measurement.  This measurement technique provides a ground-truth representation of a 

curve without anomalies or unwanted noise contribution from digital measurement instruments. 

 

Figure 2-2 – Geometric relationship between a subtending chord to a portion of curved track, the curve 

radius, and the angle spanning the length of the chord.  The standard chord length, sC , is shown with 

corresponding angle,  .  An arbitrary chord length is also shown with its corresponding angle and mid-

chord offset, d . 

Figure 2-2 depicts the geometric relationship between the curve radius, R , a given chord length 

subtending an arced track segment, and the angle between the two chord ends.  Given the standard 

arc length 100SC  feet and the angle   which characterizes the degrees curvature of the rail, the 

radius of curvature can be obtained as follows. 
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This equation is useful for determining large curve radii that are otherwise difficult to obtain 

through manual means, however the angle is equally difficult to obtain leaving the formula with 

two unknowns.  One method used to estimate curvature is to apply a shorter chord and use its mid-

chord offset from the rail as a correlator to degrees curvature.  First, the arbitrary version of Eqn. 

2-2 is determined, giving 
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where c  is some arbitrary chord length, preferably a reasonable length which allows for a physical 

string or chain to be applied to the rails for manual measurement.  The resulting angle is   and 

the radius remains the same.  The distance between the chord midpoint and rail (also termed the 

mid-chord offset), d , is given by 

  2cos1  Rd  2-3 

Substituting Eqn. 2-3 into Eqn. 2-2 using the quantity 2  as the common variable, an expression 

relating d , R , and c  is derived as follows. 
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Substitution of Eqn. 2-1 into Eqn. 2-4 removes the curve radius and yields an expression relating 

d  and  : 
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A useful correlation between the mid-chord offset and degrees curvature is one inch offset to one 

degree of curvature.  This is the convention used in railroad surveying.  For this case, the chord 
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length c  must be determined that satisfies Eqn. 2-5 with all appropriate values applied.  To 

determine c , it is useful to define the following function 
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and determine the zero crossings of g  which would imply 0g  being satisfied.  Applying this 

process in MATLAB results in a chord length 

8040.61c  feet, 2-7 

only a 3%  deviation from a 62-foot chord which is applied as a reasonable estimate in track 

surveying. 

Another method of determining c  is to formulate the error function 
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where NR , or a 1xN array of curve radii, and 
N,, dDε .  The second term is the vector 

form of d  from Eqn. 2-5.  For varying values of c  the RMSE is obtained across a range, or array 

of curve radius values, R .  The RMSE is given by 

  2
,Rε cmeanRMSE   2-9 

where ε  contains the error values at each element in D  and d . 
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The standard curvature profile in degrees, along with mid-chord offset in inches for varying chord 

lengths, are shown as a function of curve radius in Figure 2-3.  Chord lengths in increments of 10 

feet are used to obtain the mid-chord offset profiles.  It is shown that a chord length of 60 feet is 

approaching a one-to-one relationship between curvature and chord offset.  This is expected, 

considering results earlier suggested a chord length of almost 62 feet (Eqn. 2-7). 

 

Figure 2-3 – Standard curvature relationship with curve radius and profiles of mid-chord offset values for 

varying chord lengths.  Chord lengths in multiples of 10 ft are shown for simplicity.  It is easy to see a chord 

length of 60’ approaches the same profile as the standard curvature profile. 

An important part of this analysis is choosing a range of curve radii which yields an accurate chord 

length estimation.  The hyperbolic form of the curves in Figure 2-3 induces large errors between 

two curves for relatively low values of curve radius R , increasing the RMSE value and ultimately 

the chord length at which the RMSE is minimized.  An accurate determination of chord length is 

obtained by omitting low values of R  and considering only regions where the curves share a 

reasonable error when compared with another. 

Iterating through values of R  which serve as the minimum radius to compute the RMSE yields 

the curve in Figure 2-4.  The chord length at which RMSE is minimized converges to  

c =61.8273 ft for values above R =200 ft.  This is a more accurate solution that would otherwise 

be considerably incorrect for low R  values, as can be seen in the plot. 
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Figure 2-4 – Minimizing the mean square error to determine the correlation chord length produces different 

results based on the minimum curve radius with which to calculate the RMSE.  For minimum boundary 

values of approximately 200 ft and above, the minimum RMSE chord length converges to 61.83 ft. 

2.4 LIDAR Technology 

Current rail speed sensors, including tachometers, radars, GPS, ground truth instruments, etc., 

individually or in combination all have failure modes at very low speeds and inaccuracies 

proportional with increased speed.  A noted weakness of traditional systems that rely on wheel 

rotation for tachometry and odometry is that the train wheels slip or slide, leading to high error 

rates (0.1-1.0%) [1, 43] with respect to increasing speed, not to mention inaccuracies due to gradual 

radial wear of the wheel requiring periodic calibration and truing.  Currently, to compensate for 

mechanical tachometer errors, secondary odometry inputs employ Doppler radar units beneath the 

train to measure speed independently. 

LIDAR sensors utilize Doppler technology in which a laser pulse is emitted at a specific 

wavelength and is then scattered off a target surface, the light scatter being detected by a receiver 

[44].  Based on the Doppler shift between the emitted and scattered light wavelengths, the speed 

of a moving object can be determined [45]; in this case, a moving railcar relative to the track.  

Incidentally, this is the same technology that law enforcement uses to catch speeding drivers.  No 

other speed-sensing technology has the accuracy, linearity, and speed range of that associated with 

Doppler LIDAR systems.  This is due to the fact that the wavelength of light employed in these 

systems is 10,000 times shorter than radar, leading to a similar increase in accuracy and expansion 

of the speed range [46, 47]. 
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Given a relative speed, u , of a target object with respect to the emitter, the frequency of light it 

receives is given by 
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Where 
1k̂  is the unit vector of the incident light and 𝑐 is the speed of light in a vacuum.  The 

photodetector receives the scattered light transmitted along 
sk̂  in the negative direction of 

1k̂ , 

with frequency 
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Substituting Eqn. 2-10 into Eqn. 2-11  yields the expression 
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Given 
1

ˆˆ kk s
 and the Doppler shift 

02 fffD  , Df  can be explicitly expressed by 
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or 
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eu 
Df  2-14 

for a Doppler system with wavelength  .  From Eqn. 2-14 it is clear to see the Doppler frequency 

is only dependent on the relative speed of the target object and the LIDAR system coupled to an 

inertial body. 

LIDAR sensors also provide an expanded range, supportive of both current and unknown future 

requirements.  These sensors are supportive of other functions such as measuring instantaneous 
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track curvature and assessing rail integrity.  Optical fiber LIDAR sensors are currently employed 

in rail trackside functions for locked-wheel detection by Union Pacific.  They have proven to work 

well in the field environment.  Given the foregoing, as the cost of LIDAR speed sensing reduces, 

there is a natural progression toward their acceptability for a broad range of current and future rail 

systems. 

Table 1 on the next page summarizes and compares the characteristics and faults of current speed 

sensing technologies employed in the rail industry.  Accuracy, linearity, and cost are qualitative; 

this is a common characteristic of devices and data available from rail suppliers.  Indeed, speed 

accuracy figures are dependent on the mechanical implementation and, therefore accuracy 

requirements often depend on the end user.  What has been determined is a need for accuracies 

and speed ranges substantially greater that what existing sensors can provide.  Doppler LIDAR 

has the capability to provide the needed sensor operational characteristics to support increased 

track speeds directly and assess parameters such as curvature at very low track speeds [48, 49]. 

LIDAR sensors also provide an expanded range, supportive of both current and unknown future 

requirements.  These sensors are supportive of other functions such as measuring instantaneous 

track curvature and assessing rail integrity.  Optical fiber LIDAR sensors are currently employed 

in rail trackside functions for locked-wheel detection by Union Pacific.  They have proven to work 

well in the field environment.  Given the foregoing, as the cost of LIDAR speed sensing reduces, 

there is a natural progression toward their acceptability for a broad range of current and future rail 

systems. 
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Table 1 - Characteristics of various speed-sensing technologies.  Doppler LIDAR technology exhibits a large 

number of speed detection with high linearity. 

Sensing 

Technology 

Nominal Speed Range 

[MPH] Accuracy 

Limitation 

Relative 

Linearity 

Relative 

Cost 

Non-

contact 
Notes 

Low High 

Analog 

Tachometer 

0.2 200 Wheel slip 

non-linearity 

Poor Low  Wheel slip limitation 

~1-7% 

Mechanical service 

restrictions; 

Accuracy degrades 

with speed 

Digital 

Tachometer 

0.075 Design 

dependent 

Wheel slip 

non-linearity 

1-7% Low to 

moderate 

 Low-creep speed is 

data rate dependent; 

Accuracy degrades 

with speed 

Doppler 

Radar 

2-5 130+ 2% due to 

beam width 

High Low to 

moderate 

 High data rate capacity 

Range limited; 

Precipitation fading 

Global 

Positioning 

4-8 Variable 4 MPH 

minimum 

Data rate 

driven 

Random Low to 

moderate 

 Frequent data loss; 

Terrain obscuration; 

Low data rate (1Hz) 

Inertial 

Sensing 

System 

dependent 

200+ Error buildup 

Thermal drift 

High High  Accelerometers/gyros; 

Drift issues; 

Requires periodic 

ground truth 

Radio 

Ranging 

Tachometer basis 

RF beacon reset 

Wheel slip 

non-linearity 

Low at reset High  Range dependency; 

High infrastructure 

requirements for dense 

grids 

Ground truth 

(beacon) 

Tachometer basis 

RF beacon reset 

Wheel slip 

non-linearity 

Low at reset High  Range dependency; 

High infrastructure 

requirements for dense 

grids; 

Includes inductive 

loops, beacons, etc. 

Optical 

Correlation 

0.2 156 Requires 

~0.1mm 

surface 

roughness 

+/-0.2% Moderate  Corrysys-Datron, L-

350 Aqua Sensor; 

2-125Hz data rate; 

Optical maintenance 

required 

Doppler 

LIDAR 

0.02 150+* Processing 

method 

High TBD to 

moderate 

 Eye-safe laser 

precision; 

Precipitation resistant 

optics required; 

10-200Hz data rate; 

Optical maintenance 

required; 

Fiber optics flexibility 

* Doppler LIDAR high-speed figure is nominal.  Upper limits are well in excess of 200 MPH 
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2.4.1 LIDAR Technology Benefits and Risk 

The benefits of LIDAR technology, as compared with existing track speed and curvature 

measurement systems, particularly for high speeds and/or elevated safety environments, are: 

1. A non-contact measurement technology that eliminates the speed-dependent design 

complexity, reliability, maintenance, and accuracy (slip) issues and limitations (e.g., vibration) 

of mechanically contacting or axle-mounted tachometers (analog or digital) [50]. 

2. A non-contact, Doppler measurement technology with: 

A. Inherently high accuracy and speed independence, in which the absolute scale factor  

(580 KHz/MPH) is not subject to wear, track speed (slip and data rate), spatial 

resolution/standoff (radar), environment, etc. 

B. Continuous, consistent operation over a wide range of track speeds from creep to more 

than 100 MPH, exceeding many current technologies used in the railroad environment 

(analog/digital tachometers, radar, GPS, etc.). 

C. Consistent track curvature measurement at speeds at or slower than those possible with 

Inertial Measurement Units (IMUs) that are commonly used in track geometry railcars. 

D. Suitability for autonomous operation in generic revenue service or high-precision track 

metrology applications [51], e.g., Autonomous Track Geometry Measurement Systems 

(ATGMS). 

E. Capability for detecting auxiliary parameters critical to autonomous, in-motion safety 

and just-in-time maintenance in High Speed Rail or Intercity Passenger Trains.  For 

example, instantaneous curvature, GPS position correction (for application such as 

Positive Train Control, PTC), and possibly rail condition [52, 53] and stability. 

3. A non-contact, optical measurement technology that uses the following: 

A. Energy wavelengths at 1.5 µm, providing 

i. Highest, inherent eye safety 

ii. Ten-thousand times higher spatial precision and speed accuracy relative to radar 

iii. Demonstrated performance in rain against wet/iced/snow surfaces 

iv. Reduced cost components with increased Mean Time to Failure (MTTF) 

v. Functionality in environmental extremes as compared with typical laser optics 

B. Telecommunications optical fibers with 
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i. Flexible, arbitrary mounting locations for easier system integration 

ii. Fixed, no-maintenance internal optical alignments 

C. Coherent detection, resulting in larger dynamic detection ranges than conventional 

intensity-based optical metrology sensors used for rail applications [54], enabling 

i. Reduced maintenance – tolerance of dirtier lenses and windows, rain, mist, etc. 

ii. Reduced diameter optics (1/4–1 in) and/or increased non-contact ranges 

(millimeters to meters) 

iii. Detection of scattered light sensing on all surface materials (rock, steel, 

ice/snow, etc.), roughness (e.g., shiny or coarse), and colors (e.g., light or dark) 

while rejecting sun or artificial lighting (e.g., headlamps, etc.) [55] 
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2.5 Virginia Tech’s LIDAR Application 

The motivation for developing this system is to offer the railroad industry a high-accuracy, 

non-contact alternative to wheel-mounted encoders for measuring forward speed.  Virginia 

Tech believes LIDAR would also offer a number of other benefits to the rail industry.  First, 

the non-contact measurement feature of LIDAR removes speed-dependent design, reliability, 

maintenance, and accuracy issues otherwise seen in current tachometers.  Second, the system 

can operate semi-autonomously in generic revenue service environments, comparable to high-

precision track geometry applications, such as the Autonomous Track Geometry Measurement 

System developed by the FRA [56, 57].  Figure 2-5 displays the concept of using LIDAR 

sensors for determining rail speed. The Doppler LIDAR sensors are attached to the underside 

of a track geometry car with two laser beams facing the left and right rails.  The dashed arrow 

indicates the outgoing LIDAR beam, and the dotted-dashed arrow shows the component of 

scattered light reflected back to the sensors, which detect the Doppler shift for each rail.  

 

Figure 2-5 – Lens placement schematic for measuring speed in a non-contacting manner for railroad 

applications 

As shown in Figure 2-6, the Doppler shift is passed to a central processing unit (CPU) through a 

high-fidelity RF device.  The CPU that is used in this study is a National Instruments (NI) PXI 

Computer that can be configured and used for applications such as the LIDAR system.  The PXI 

computer performs a number of tasks in real time, including computing the Fast Fourier Transform 

(FFT) of the two LIDAR signals, establishing the left and right rail velocities, and performing the 

necessary calculations for determining track speed (based on the average speed of the two rails) 

and track curvature (based on the speed difference detected between the two rails). 
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Figure 2-6 – System-level block diagram of multifunction LIDAR sensors for non-contact speed and complex 

rail dynamics measurements 

Speed is an analog output of the PXI computer.  The data is stored to a hard drive or solid-state 

drive (SSD) at a user-defined storage rate, referred to as the data rate for the remainder of this 

document.  Beyond track curvature and speed determination, the post-processing of the data 

includes a travel distance calculation that can provide the basis for generating a foot pulse, much 

in the same form as a conventional encoder [58].  The intent of the schematic shown in Figure 2-6 

is to be a direct retrofit for an encoder in a track geometry car, without any changes to other 

instruments that use the foot pulse signal as demarcation. 

2.6 Track Speed Recording 

The analog signal with high utility in this application is the speed signal obtained from the rails.  

Given the longitudinal speed of a rail vehicle, it follows that the relative motion of the rails 
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provides a representation of the vehicle speed with respect to the vehicle body.  The two speed 

signals recorded are given the references names Channel 0 and Channel 1 to represent the analog 

and digital signals obtained from the left and right rails, respectively.  The nomenclature used in 

the discrete representation of the data output is as follows. 

Left rail speed (Channel 0): 
kLv ,

 

Right rail speed (Channel 1): 
kRv ,

 

Where the subscript k serves as a data index reference with maximum value, N , the length of the 

data file.  The individual speed signals are required for the calculation of track curvature, explained 

in a later section.  The centerline speed, 
kCv ,
, is considered to represent the speed of the vehicle 

tracing the ideal geometric centerline of the track.  This speed is computed by taking the average 

of the two speeds: 

2

,,

,

kRkL

kC

vv
v
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The centerline speed is useful for representing the general speed behavior of the rail vehicle for a 

given test run.  More importantly, it is an indication that the LIDAR system has the ability to serve 

as an alternative to a traditional wheel-mounted encoder used on rail geometry cars. 

2.7 Distance Calculation 

The time and speed data directly available from LIDAR measurements is used to determine spatial 

data of train travel.  By expressing LIDAR data in terms of distance, the data is suited for 

comparison with other instruments which output data in the spatial domain.  Furthermore, a 

distance profile is useful for localization of rail irregularities identified during monitoring test runs.  

The total distance traveled, x , by the geometry car, and of course the LIDAR system, is 

determined using the simple physical relationship 

k

N

k

k

N

k

k tvxx  
 11  

2-16 
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where kx  is the local spatial step size calculated from the product of the discrete centerline speed 

data, kv , with the corresponding time step, kt .  The LIDAR processor writes data at a user-defined 

data rate with respect to time, typically on the order of Hz.  The independent variable in the 

calculation of distance is the train speed.  The linear form of the distance calculation implies that 

the distance increments calculated are dependent on the speed of the train and are non-uniform for 

a given test with varying speed.  This is an important behavior to consider in later analysis included 

in this report. 

2.8 Curvature Calculation 

The modern, conventional way of measuring track curvature is performed by a sensor installed on 

a Hy-Rail vehicle or track geometry car.  On the NS 36/38 geometry car, an IMU measures the 

yaw rate of the vehicle as it navigates a curve.  Virginia Tech’s car-body-mounted LIDAR system 

determines track curvature from the speed profiles obtained from the left and right rails.  That is, 

the speed differential between the high rail and low rail in a curve is proportional to the degrees of 

curvature of the track.  Figure 2-7 provides a simplified schematic of the speed differential 

recorded from the left and right rails given a wheelset traveling clockwise through a curve.  It is 

easy to infer that the outer rail, or high rail will register a higher speed than the low rail to 

compromise for the longer distance traveled.  

 

Figure 2-7 – Schematic of the speed differential resulting from curve navigation 

During post-processing, the speed signals obtained from test runs are fed into an algorithm that 

determines track curvature.  A general form of the curvature equation is as follows. 
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vv

k

kRkL .,
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where G is an empirically-determined scaling parameter that accounts for track geometry, 

primarily gage.  The equation is designed to represent left-hand curves as negative values and 

right-hand curves as positive.  By plotting the speed profiles of the rails together, tangent and 

curved track sections are easily distinguishable.  That is, nonzero values imply 
kRkL vv ,,  and 

therefore the vehicle must be a non-tangent section of track. 
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2.9 Influence of Lens Orientation and Vehicle Yaw on Speed Recording 

This section focuses on the formulation of the right lens, however the derivation is easily adapted 

to the left LIDAR lense.  Additionally, this is a formulation based on a number of generalizations 

and assumptions of car body behavior relative to the track centerline [8, 59-61]. 

First, coordinate systems (CS) for a global reference and local car body reference must be defined: 

 Global CS: XYZ  

o Fixed CS for spatial reference of objects in Global CS 

 Car body: CCCCCC ZYX ,  

o Local CS helpful for analyzing relative kinematics 

 Trajectory (centerline or rail): ttt ZYX  

o Local CS to describe the orientation of the centerline and track 

 Right lens local CS: rlCrlCrlC ZYX ,,, (shown later) 

 

Figure 2-8 – Coordinate system configurations for global and local reference 

The local coordinate axes of the lens is oriented with respect to the trajectory CS.  It is defined by 

rotations about each axis of the reference coordinates.  The current LIDAR setup orients the housed 

lenses 30° about the axis perpendicular to the gage face ( tY ) and 45° about the trajectory axis  

( tX , along the rail). 
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I: Begin with coordinate systems aligned II: Rotate lens CS about lateral 

 

 

 

 

III: Rotate lens CS about longitudinal 

 

The formulation for this coordinate change, or rotation matrix rlA  is as follows [62]. 
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This represents a rotation about the lateral direction followed by a rotation about the longitudinal 

direction. 
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The lens can be described to lie in parallel with the unit vector, 
rlC ,

k̂ , which undergoes the 

rotation 
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Note this is the same as the unit vector, 
1k̂ , from Eqn. 2-11.  The component of the motion of the 

rail detected by the lens is determined by the inner product of the lens direction vector and the rail 

(trajectory) vector. 
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2.10 Lens orientation and speed output 

Car body motion along the rail trajectory implies relative motion of the rails, 
ttu î ,  Applying this 

to Eqn. 2-14 yields the expression for the Doppler frequency at the detector: 
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Given that the rotation about tY  is  30°, the Doppler shift detected by the LIDAR system is 

given by 

D
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The relative motion of the rails as detected by the LIDAR system is thus  

t
L
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In other words, the speed output is half true speed of the moving LIDAR system.  Knowing this 

relationship allows for simple correction in post-processing. 

Introducing car body yaw gives a more detailed description of the component of rail motion 

detected by the lens.  This involves modifying the rotation matrix to include rotation about tZ .  

The unit vector 
rlC ,

k̂  takes on the following form. 
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The component of the motion of the rail detected by the lens, given  30° and  45° is 
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A large enough yaw of the car body   will result in a normal configuration between the lens and 

rail motion, or 

otrlC 23.39rad 685.0
6

2
tan0sin

4

6
cos

2

1ˆˆ 1', 







 ik  2-26 

A yaw angle this large diminishes the rail motion component into the lens.  The yaw falls into a 

linear region of the sinusoidal profile.  Further analysis involves a linear fit to this region to 

determine a scaling trend relating car body yaw and speed estimation.  Given that vehicle yaw lies 

in a very low angle regime, only 2° in extreme cases [63] for steeper curves, the vehicle yaw is not 

a concern for a diminishing signal captured by the lens. 
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2.11 Testing Schedule 

The entirety of LIDAR system tests are summed up in Table 1 below.  Initial testing was performed on an FRA Hy-Rail vehicle and the 

remainder onboard one of two research geometry cars available for revenue service test runs.  Travel routes, dates, and approximate 

mileage details are included.  The installment configuration of the LIDAR system is given as well. 
Table 2 – Complete testing schedule of program to date.  Over 6,000 miles have been tested including 

LIDAR 

Test 

Number 

Platform Route 
Test 

Partner 
Start Date End Date 

Approximate 

Length 

[mi] 

LIDAR 

Lens 

Mount 

LIDAR Beam 

Location 
Comments 

1 
FRA R4 

Hi-rail 
Western Maryland Scenic RR ENSCO 15-Jun-2011 15-Jun-2011 4 

Truck 

Frame 

TOR/Web/Gage 

Corner 

Test non-autonomous 

LIDAR (w/o encoder 
data) on R4 

2 NS 36/38 Hagerstown, MD to Roanoke, VA 
Norfolk 

Southern 
10-Oct-2011 10-Oct-2011 220 

Body 

Mount 
Gage Corner 

LIDAR System (Rev 1), 

Testing on Track 

3 NS 36/38 
Roanoke to Norfolk, VA 

roundtrip 

Norfolk 

Southern 
28-Nov-2011 29-Nov-2011 500 

Body 

Mount 
Gage Corner 

LIDAR System (Rev 1), 

Ground Calibration 

4 NS 33/34 

Roanoke to Bluefield, VA 
roundtrip; 

Roanoke to Norfolk, VA 

roundtrip 

Norfolk 

Southern 
27 Jan, 2012 1 Feb, 2012 515 

Truck 

Mount 
Gage Corner 

PXI LIDAR (Rev 2), 

Testing on Track 

5 NS 33/34 

Roanoke to Narrows, VA 
roundtrip; 

Ft. Wayne to Chicago roundtrip; 

Additional testing with NS 
personnel 

Norfolk 
Southern 

2 Feb, 2012 30 May, 2012 470 
Truck 
Mount 

TOR 
PXI LIDAR (Rev 3), 

Testing on Track 

6 NS 33/34 
Roanoke, VA to Bristol, TN; 
Additional testing with NS 

personnel 

Norfolk 

Southern 
6 Jul, 2012 16 Aug, 2012 4080 

Body 

Mount 
Gage Corner 

PXI LIDAR (Rev 3), lens 
housing with positive 

pressure added 

7 NS 36/38 
Roanoke to Lynchburg, VA 

roundtrip 
Norfolk 
Southern 

14 Jan, 2014 14 Jan, 2014 100 
Body 

Mount 
Gage Corner/Gage 

Face 

PXI LIDAR (Rev 3) for 
gage corner readings, 

PXI LIDAR (Rev 1) for 
gage face readings; 

fiduciary distance sensor 

added 

8 NS 36/38 
Roanoke to Christiansburg, VA 

roundtrip 

Norfolk 

Southern 
16 Jan, 2014 16-Jan-14 83 

Body 

Mount 

Gage Corner/Gage 

Face 

PXI LIDAR (Rev 3), 

Walton far end 

9 NS 36/38 
Roanoke, VA to Asheville, NC 

roundtrip 

Norfolk 

Southern 
22 Jan, 2014 22-Jan-14 123 

Body 

Mount 
Gage Corner PXI LIDAR (Rev 3) 
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3 Hy-Rail Vehicle Testing 

3.1  System Setup 

A LIDAR system was installed on the FRA’s R4 Hy-Rail vehicle, operated by ENSCO, and was 

used to capture speed signals using three system configurations operating in parallel.  The LIDAR 

CPU was installed inside the cab and six lenses were installed on an adjustable frame underneath 

the truck chassis.  Figure 3-1 shows the different LIDAR lend and beam configurations: Top of 

Rail (TOR), gage corner, and the web of the rail.  Data was taken for each of these configurations 

to evaluate the signal quality off the surface of each section of rail, the effect of special track work 

on the signal, and signal continuity in curves.  The beam location tests determined that gage corner 

or TOR locations provided good readings and were not adversely affected by special track work. 

 

Figure 3-1 – Different options for beam alignment were tested.  TOR, gage face, and web alignments were 

compared with each other to select the best performing configuration 

Figure 3-2 shows a close-up of the LIDAR beam lenses as attached to the R4 chassis.  In the upper 

left-hand corner, the TOR lens for the left rail is shown.  The web of rail and gage corner lenses 

are present in the foreground.  All beams are oriented at an angle of 60° with respect to the forward 

velocity of the train and vary with the rotation about the longitudinal direction. 
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Figure 3-2 – LIDAR lens mounting for TOR, gage corner, and web face and fiber routing on the R4 

The encoder signal was collected by a VT data acquisition laptop, and “foot count” data was also 

collected by the R4’s onboard computer, written at every foot pulse sensed by the encoder.  The 

encoder on the R4 is located on the rear drive axle of the truck on the passenger side (right side), 

as shown in Figure 3-3.  The VT LIDAR computer recorded the LIDAR signal data along with 

GPS speed and location.  The Inertial Measurement Unit (IMU) data of the R4 was not recorded. 

 

Figure 3-3 – Rotary encoder attached to the right rear (passenger side) truck axle 

The Hy-Rail testing was performed at Western Maryland Scenic Railroad shown below in Figure 

3-4. The rail consisted of older joint bars with no continuously welded rail.  A 300-ft calibration 

run was performed to determine if the foot data was accurate.  It was reported that the observed 

encoder accuracy is ±1 ft. from historical data (for a 300-ft, measuring wheel distance calibration).   
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Three track sections were chosen for testing.  The first section, used for testing the wet rail 

condition, consisted of tangent track.  The second test section, chosen to test the curvature readings, 

included one left-hand curve, one right-hand curve, a level crossing, a steel-framed bridge, and a 

section of tangent track.  The final test section, chosen to determine the effect of special track work 

on the various LIDAR beam configurations, included a turnout and a level grade crossing. 

 

Figure 3-4 – Hy-Rail LIDAR testing was performed along a section of the Western Maryland Scenic Railroad 

  

Figure 3-5 – Water-dispensing system used to wet the rail attached to R4 

Hy-Rail Test Path 
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3.2 Speed Measurement Results 

The following plots demonstrate a typical speed signal and results from post-processing to 

eliminate temporary signal loss.  While not common, these dropouts may occur because of dirty 

lenses, improper focal length set up, or special track work (depending on the beam focal location) 

[64, 65].  Figure 3-6(a) shows a dropout due to a level crossing when using LIDAR beams aimed 

at the gage face.  Such dropouts, however, can be detected during post-processing of the raw data, 

and the software can automatically correct the data to ensure that no speed information is lost and 

the speed data remains continuous, as shown in Figure 3-6. 

 
(a)  

 
(b)  

 
(c)  

 
(d)  

Figure 3-6 – Post-processing of LIDAR speed data.  The raw signal (a) is cleaned using a dropout removal 

algorithm.  The result is shown in (b).  An external speed reference source is then used to properly scale the 

speeds (c) which is followed by filtering to remove high-frequency content (d). 
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Following signal conditioning, LIDAR data is superimposed with data from other sensors 

capturing speed.  In Figure 3-7, speed data from the encoder, Garmin GPS unit, and the rail 

geometry car foot-pulse data are used for comparison.  Foot-pulse data refers to the geometry car’s 

data output written at each foot pulse signaled by the encoder.  This data rate can be viewed as a 

spatial frequency of 1 cycle per foot or 5280 cycles per mile.  The term ‘.foot’ is used as a reference 

in plots throughout this report.  Note that LIDAR data is written with a temporal frequency, 

specifically 20 Hz for the tests presented here. 

It is important to note here that due to asynchronous data rates between the LIDAR system and 

geometry car instrumentation, no direct error can be calculated between any two data files.  Instead, 

data is aligned at which reasonable conclusions can be made about the signals being analyzed.  

Calculating distance traveled with LIDAR data is therefore required at times to view all data 

sources in terms of distance for comparison (more importantly, it is a key feature shared with other 

rail monitoring sensors).  The centerline speed and time output are used to achieve this.  Another 

option is to use geometry car data to calculate time should time be a more useful parameter for 

comparison, as seen in Figure 3-7 below.  In this case, the distance and speed outputs are used to 

formulate a time array.  
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(a) The first two minutes of a test run showing 

good correlation between LIDAR and .foot 

data as well as the encoder 

 
(b) A closer view at the test start.  The 

relatively low resolution of the GPS unit 

causes speed error in some cases, seen here 

 
(c) The start of the test run showing low spatial resolution of the GPS data collected, and oscillations 

from the encoder signal 

Figure 3-7 – A comparison of encoder, GPS, foot data, and LIDAR speed data vs. time.  The first two minutes 

of a test run are shown in (a) with a closer view provided in (b).  The LIDAR data shows good agreement with 

the .foot data and encoder 

3.3 Distance Measurement Results 

Figure 3-8(a) shows that foot pulse data (Encoder + IMU readings) gives readings that agree 

closely with the LIDAR calculated distances.  The encoder data, however, is an aliased signal due 

to insufficient data acquisition speeds, and therefore has some inaccuracies.  Additionally, the GPS 

signal also shows distance discrepancies due to signal loss (the Garmin unit is not an IMU). 

Figure 3-8-b shows a close-up view of the previous data run from 12-15.1 seconds.  A perceivable 

oscillation on the foot pulse signal indicates inaccurate distance recording of the encoder system. 
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(a)  

 
(b)  

Figure 3-8 – The distance traveled measured by LIDAR, a rotary encoder, foot data, and GPS data (with and 

without altitude considered) vs. time 

These small oscillations in the distance plot equate to a large variation in speed when compared 

with the LIDAR signal, as shown in to Figure 3-9.  This variation is due to the encoder mounting 

location on the truck drive axle.  On the drive axle with rubber tires, the tire contacts the rail, but 

is subject to variation in radius and suspension movement that can change the forward velocity of 

the wheel, and therefore the rail speed detected by the encoder. 

 

Figure 3-9 – A comparison of LIDAR, encoder, foot data, and GPS data vs. time show variation of the speed 

signal from the encoder.  Foot data is provided by the R4 instruments, derived from the encoder and IMU 

3.4 Curvature Measurement Results 

On the R4 Hy-Rail vehicle, VT performed initial curvature measurements based on the LIDAR 

data as shown in Figure 3-10.  While no track charts or other typical curvature measurements were 
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available to compare with the LIDAR curvature readings, these measurements were compared 

with low-accuracy GPS coordinate-based curvature estimates.  Both measurements show 

approximate agreement and indicated the potential for using LIDAR for curvature measurements.  

Curvature measurement is explained in further detail later. 

 

Figure 3-10 – Initial curvature measurements using the LIDAR system on the Hy-Rail against GPS curvature 

measurements 

3.5 Wet Rail Testing 

Testing was performed to demonstrate LIDAR signal continuity on wet rail, and to quantify the 

effect of a wet rail on the LIDAR signal intensity.  The water-dispensing unit shown in Figure 3-11 

was used to conduct the wet rail tests.  With the R4 at a constant speed, the dry rail was wetted for 

a period of time and then the water valve was closed. The LIDAR recorded signal data 

continuously on both the wet and dry rails.  Every attempt was made to maintain a nearly constant 

speed. 
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Figure 3-11 – Wet rail test setup 

Figure 20 indicates that the addition of water on the rail did not interfere with obtaining correct, 

continuous speed readings despite absolute Top of Rail (TOR) signal intensity reduction on wet 

rail.  The speed did not change despite some changes in LIDAR signal intensity by approximately 

3dB.  The frequency in the Doppler signal contains the speed information, not the intensity of the 

returned signal.  Because of this functionality, beams on polished, wet, iced, or snow-covered 

surfaces still scatter light due to the difference in the Index of Refraction between the air and the 

surface, as indicated by the LIDAR raw signal in Figure 21. 

 

Figure 3-12 – A comparison of wet and dry rail speed signals for both gage face and TOR 
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Figure 3-13 – LIDAR signal intensity signatures are shown before, during, and after the wet rail test section. 

The intensity readings exhibit normal fluctuations that are mostly commonly associated with 

surface roughness (smoother surfaces result in lower intensity) or beam orientation changes.  Note 

that the wetted TOR beam records a -3dB change in signal intensity, lower than the substantial 

changes in signal intensity on dry rail for the gage face beam 
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4 Initial Rail Geometry Car Testing 

The primary observations and conclusions ascertained during the LIDAR system’s initial rail 

geometry car testing are: 

 The system proved effective in accurately measuring both track speed and curvature on 

revenue service mainlines onboard a rail geometry car over several hundred miles. 

 The LIDAR system proved to be more accurate than encoders that are commonly used for 

distance measurements, as indicated by the comparison of the two systems in a ground-

truth test. 

 The LIDAR system is able to measure track curvature despite the presence of high-

frequency content less present in Inertial Measurement Unit (IMU) onboard the rail 

geometry car.  The high frequency content may be owed to a wide array of causes, a more 

straightforward source being car body motion during curve navigation.  Further analysis of 

the data (beyond this study) is needed to conclusively determine the sources of the higher-

frequency content.  Filtered LIDAR data matches the IMU data closely.  An advantage of 

the LIDAR system is that it can measure track curvature at speeds far lower than is possible 

with IMUs, and with potentially far higher spatial resolution. 

The LIDAR system was installed on a rail geometry measurement railcar for a round of initial 

testing.  The tests, denoted as “Test 2” in Table 2, were made possible by the Research and Testing 

Department of Norfolk Southern. 

The primary goals of the tests were to: 

 Demonstrate LIDAR system capabilities on a weight-loaded railcar, 

 Compare LIDAR data with the speeds measured by the encoder signal used on the rail 

geometry car, and 

 Gather data on LIDAR’s ability to measure curvature and determine the accuracy of the 

data, in particular in the presence of documented track infrastructure (switches, frogs, 

crossings, etc.). 

Another round of tests was performed on the same rail geometry car at a later date, mainly for the 

purpose of: 
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 Comparing LIDAR and encoder signal to ground-truth distance measurements  

 Covering significant mileage in order to significantly build on the total miles of track tested 

on the system, and 

 Testing system functionality over longer time periods. 

The following section will describe the system installation (also detailed in [66]), test route, and 

distance calibrations, as well as provide a detailed analysis of the test results. Test Setup and 

System Installation 

The LIDAR system was body-mounted on the track geometry car as shown in Figure 4-1. The 

gage corner beam alignment was chosen for this phase of testing, where the LIDAR beams were 

pointed at the gage corner, rotated 45° into the gage about the longitudinal rail axis and 30° about 

the lateral axis, from vertical (explained in Section 2.10). 

 

Figure 4-1 – LIDAR system installation onboard the rail geometry car 

The system installation included a video and keyboard interface ported to the inside of the railcar 

using the on-board KVM system as depicted in Figure 4-2.  The encoder was mounted on the left 

rail of the lead truck middle axle, and its signal was also collected by the LIDAR computer system. 
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Figure 4-2 – LIDAR computer installed onboard the track geometry car and linked to the KVM system 

4.2 Test Route 

Data was taken along a route from Hagerstown, MD to Roanoke, VA on October 10, 2011. The 

same setup was also used roundtrip from Roanoke, VA to Norfolk, VA on November 28 and 29, 

2011.  During the tests: 

 More than 300 miles of data was recorded and analyzed 

 Left and right rail speeds were recorded  

 Encoder counts were recorded and compared against LIDAR  

 System ground-truth calibration was performed 

 Inclement weather testing was performed 

4.3 Distance Calibration and Measurement Results 

4.3.1 Tangent Track, GPS-Determined Distance Calibration 

GPS locations were used to calibrate the encoder and LIDAR measurements during post-

processing.  LIDAR and encoder readings on the rail geometry car were compared on a 1.5-mile 

section of tangent track, where the train accelerated from a resting position to approximately 45 

mph.  The calculated distances were then compared to the GPS distance readings.  The distance 

obtained from the GPS unit was 7804.0 ft while the LIDAR system yielded 7768.6 ft (0.45 % 

offset) and the encoder yielded 8005.3 ft (2.6 % offset).  These value are summarized in Table 3.  

The speeds correspond quite well with the encoder measurements, though the encoder signal 

included a significant amount of signal noise, as is demonstrated in Figure 4-3.  The encoder 



 

44 

distance overshoot is attributed to the noise content in the speed signal which directly affects the 

speed calculation output.  The encoder data shown here is written at a 20 Hz sample frequency 

(digital counter is sampled 20 times per second).  Typically, encoder data is preprocessed with a 

low-pass filter in the geometry car software.  A more detailed analysis of the noise observed in the 

encoder data is included in Appendix B. 

 
(a)  

 
(b)  

 
(c)  

Figure 4-3 – Comparison between encoder and LIDAR speed data over a  

 

 



 

45 

Table 3 – Summary of distances obtained from the encoder and LIDAR system 

Measurement 

System 

Assumed 

Parameter 

Calculated 

Distance [ft] 

Encoder 
Ø38.992 

Wheel Diameter 
8005.3 

LIDAR 

Left Rail 

60.288° 

Incident Angle 
7768.6 

GPS 
Direct distance from 

start to end 
7804.0 

 

 
(a)  

 
(b)  

Figure 4-4 – Progression of the mean and standard deviation of the LIDAR (a) and encoder (b) resolutions 

with increasing speed using 10-mph windows.  The encoder shows a higher increase in resolution and a 

signifcant increase in bandwidth, or noise content, at higher speeds. 
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Below are shown histograms and PDFs representing the LIDAR resolution with increasing speed.  

The LIDAR system detects changes in speed close to zero, indicating a high resolution, however 

the mean resolution is increased due to a concentration of greater speed changes at higher speeds.  

Additionally, the standard deviation improves, indicating the reduction of noise or variation in 

signal content. 

 

Figure 4-5 – Histogram and PDf representation of LIDAR speed resolution, or speed increment detection 

distributions in 10-mph increasing windows.  
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The same analysis is applied to the encoder data.  It is easy to see a significant increase in speed 

increment size, or lower resolution.  Furthermore, the standard deviation considerably increases 

due to high noise content at higher speeds. 

 

Figure 4-6 – Histogram and PDf representation of encoder speed resolution, or speed increment detection 

distributions in 10-mph increasing windows. 
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4.3.2 Ground Truth Calibration 

Two ground-truth distance measurements were made using a measuring wheel near Crewe, VA, 

to calibrate the LIDAR and encoder.  The two test sections, each 1,000 feet long, were marked for 

the calibration runs, as seen Figure 4-7 below. 

 

Figure 4-7 – 1000 feet being walked out for ground truth calibration run 

The encoder and LIDAR distance measurements were scaled to match the initial 1,000-ft ground 

measurement.  The distance versus time results of this calibration are shown in Figure 4-8.  The 

speed measurements taken during the test are shown in Figure 4-9.  While the encoder and LIDAR 

speeds correlate closely, the encoder shows more variance throughout the test run.  This is likely 

due to the mechanical vibration of the encoder (which increases with speed), and the variance in 

wheel-rail contact mechanics. 

Two calibration runs were used to access the ground-truth accuracy of the LIDAR system.  The 

first run was used to set the LIDAR scaling factors required to convert the raw LIDAR signal data 

to the physical speed measurement.  The second calibration run was used to assess the accuracy of 

the LIDAR system. 
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Figure 4-8 – Calibration Run #1: The encoder, LIDAR, and GPS speed profiles are shown.  Encoder speed 

shows higher variation and a greater speed estimate in the region of top speed.  The LIDAR and GPS profiles 

show good correlation. 

 

Figure 4-9 – Calibration Run #1: Total distance traveled computer for each sensor is shown.  The greater 

distance estimate from the encoder is most likely due to its high variation which produces an accumulating 

error in the distance calculation. 
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Figure 4-10 – The encoder vs. LIDAR distance measurements based on scaling during calibration from run 

#1 (calibration run #2) 

 

Figure 4-11 – An assessment of the encoder vs. LIDAR speeds during calibration run (calibration run #2) 

Table 4 

 Calibration Run #1 Calibration Run #2 

Encoder 1027.2  

LIDAR 973.7  

GPS 971.4  
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4.4  Speed Test Results 

Speed data was collected over several hundred miles while the system was installed on the rail 

geometry car.  A substantial amount of data was collected for tangent track and curved track in 

both dry and inclement weather conditions.  The data was post-processed and analyzed to better 

understand and further develop the performance of the system.  Figure 4-12 shows an example of 

the LIDAR (left rail signal, same side as encoder) and encoder speed data across 15 miles of track.  

The encoder and LIDAR speeds match closely, with no visible dropouts by the LIDAR system.  

The data were compared with each other in order to quantify the performance and capabilities of 

the LIDAR system. 

 

Figure 4-12 – The encoder and LIDAR speed vs. distance over a 1.5-mile section of track 

4.5  Curved Track Testing Results 

As mentioned earlier, one of the primary objectives of this program was to determine the 

capabilities of the LIDAR system in terms of instantaneously measuring track curvature.  A 

significant amount of curves traveled on revenue service mainlines were analyzed.  To compare 

the LIDAR lens and beam setup, various curves were isolated and compared with track chart data; 

Figure 4-13 plots an example of one of these curves, a 5.8-degree left-hand curve.  Virginia Tech 

uses curvature units similar to the convention of the standard US railroad system: degrees of 

rotation over an arc length subtended by a chord of 100 feet.  Each curve was measured using 

LIDAR speed data, and the average curvature was computed with and without the spline 

considered; these measurements were compared with the track chart. 
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Figure 4-13 – GPS position and direction of travel for a 5.8-degree curve 

Figure 4-14 shows the unfiltered track curvature measurements in a 5.8-degree left-hand curve by 

the LIDAR system.  The system accurately measures the track curvature, as well as the entry and 

exit spiral.  The variations that are observed in the signal are most likely due to the variation in car 

body position in response to track geometry change throughout the curve.    Further investigation 

is needed to conclusively determine the source of the variation.  For the purpose of this study, 

however, one can confidently conclude that the LIDAR system has the ability to measure track 

curvature, in this case 5.8 degrees, which is the curvature noted on the track chart. 

 

Figure 4-14 – Curvature vs. distance for a 5.8-degree left-hand curve.  The negative values imply a left-hand 

curve 

In addition to studying the curvature recorded by the LIDAR, it is useful to compare the speeds 

recorded by the LIDAR system with those measured by the encoder and the GPS during a curve.   
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Figure 4-15 is an illustration of train speed going through the 5.8-degree left-hand curve.  During 

a curve, LIDAR signals are consistently much smoother than encoder signals or GPS signals.  The 

encoder signal shows high variation (greater than 0.5 mph from the mean) due to wheel slip, 

flanging, and contact point lateral position movement on the rail wheel.  Thus, the true speed of 

the car is not known during a curve when measuring with a mechanical encoder system.  The figure 

clearly illustrates the smoothness of the LIDAR signal in comparison with the encoder speed. 

The LIDAR system is more precise than encoders and GPS systems.  This precision is the result 

of the non-contact nature of the LIDAR railhead speed measurements and the fact that the LIDAR 

is measuring both railhead speeds and reporting the average, centerline speed. 

 

Figure 4-15 – Train speed signals as recorded from LIDAR, encoder, and GPS sensors during a 5.8-degree 

curve show a high variation of the encoder signal due to wheel slip, flanging, and contact point lateral 

position movement 

Further analysis was performed to calculate the travel distance measured within each curve by 

each sensor type (Figure 4-16).  LIDAR and encoder-calculated distances show a reasonable 

agreement within the same 5.8-degree curve, while the GPS calculated distance shows significant 

error. 
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Figure 4-16 – During a 5.8-degree curve, the calculated distances measured by LIDAR, encoder, and GPS 

systems were compared, and LIDAR and encoder showed good agreement (encoder and LIDAR readings are 

essentially overlaid) 

This analysis was completed on a total of 28 curves recorded during this test car setup, including 

the curve presented above.  Each of the individual curves was identified on the track chart for 

comparison.  Figure 4-17 provides an overview of the curves analyzed, including curvature ratings 

documented on the track chart. 

 

Figure 4-17 – LIDAR curvature in comparison to track chart 

Individual Curves Selected for LIDAR Curvature Measurements 

    Track Chart Curvature 

    LIDAR Maximum Curvature 

    LIDAR Average Curvature 
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In addition to comparing the LIDAR track curvature measurements with the track chart, the data 

was compared with IMU measurements on the geometry and the speed data compared with that of 

the encoder.  Figure 4-18(a) shows the comparison between LIDAR and railcar IMU 

measurements, while Figure 4-18(b) shows the measured speed along the same section of track as 

taken from the LIDAR and encoder systems.  Both the LIDAR curvature and speed measurements 

show good agreement with the rail geometry car measurements. 

 

(a)  

 

(b)  

Figure 4-18 – LIDAR and rail geometry car measurements: (a) curvature, (b) speed 

A close-up of the data (Figure 4-19) indicates that the LIDAR measurements show more variation 

than the rail geometry car measurements at low train speeds.  This variation between the LIDAR 

0 5 10 15 20 25

-8

-6

-4

-2

0

2

4

6

8

Distance (mi)

C
ur

va
tu

re
 (d

eg
)

Curvature Comparisons

 

 

IMU Curvature

LIDAR curvature

0 5 10 15 20 25
0

1

2

3

4

5

6

Distance (mi)

Sp
ee

d 
(m

ph
)

Speed Comparisons

 

 

Encoder Speed

LIDAR Speed



 

56 

average and maximum curvature readings is attributed to the ability of the LIDAR system to make 

measurements at very short intervals on the track.  One can consider the LIDAR measurements to 

be instantaneous, whereas railcar measurements are broad-trend data.  It is possible to filter the 

LIDAR data to make the curvature measurements smoother.  The filtering of the data reduces the 

instantaneous measurements while maintaining the general trend over longer intervals. 

 

(a)  

 

(b)  

Figure 4-19 – Comparison of LIDAR and rail geometry car data for a 3-mile track segment: (a) track 

curvature, (b) speed 
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4.6 Inclement Weather Testing 

During one of the test days, the LIDAR system went through a significant performance evaluation 

as it was faced with heavy winds and rainfall.  The system collected data and functioned without 

any errors, despite the severely inclement weather.  The tests began near Crewe, VA in the heavy 

rain, with wind gusts as high as 25mph.  LIDAR signals were unaffected by the rain, and the 

system performance was not degraded during the inclement weather. 

Figure 4-20 and Figure 4-21 show that the system was still able to measure train speed and distance 

traveled over a long period with no signal dropouts.  The LIDAR data correlates well with the 

encoder’s data from the rail geometry car.  The LIDAR data for the left rail (the same side to which 

the encoder is mounted) is shown, along with the centerline LIDAR data. 

 

Figure 4-20 – The LIDAR maintained the ability to accurately measure speed continuously through a heavy 

rain over a nearly 35-mile distance 
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Figure 4-21 – In inclement weather, the LIDAR maintains its ability to accurately measure distances.  Here, 

the encoder and LIDAR left rail measurements were 34.136 mi and 34.237 mi, respectively 

4.7  Effect of Special Track Work 

Although no specific tests were conducted concerning special track work (switches, frogs, 

crossings, etc.) using this test setup, there have been test runs that went on for significantly long 

distances containing multiple special track work within every mile.  Figure 4-22 shows speed data 

for a test run just over 88 miles, during which there were no dropouts or any other issues with the 

signal.  The plot also indicates a slight difference in the total distance measured by the encoder 

and the LIDAR system, similar to what was observed during the ground-truth calibrations. 

 

Figure 4-22 – Consistent LIDAR signal over an 88-mile stretch including special track work with no dropouts 
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5 Semi-Autonomous PXI LIDAR: Railway Geometry Car Testing 

5.1  Overview 

For this phase of testing, VT introduced new hardware to the system: the National Instruments 

PXI CPU with updated software, optics, and RF circuits from Yankee Environmental Systems, 

Inc.  This system was designed to run in an unmanned mode so that once started, it can collect data 

continuously without user intervention for as long as 2 to 3 weeks. 

Prior to installation on the rail geometry car, the system underwent extensive bench-top tests in 

the lab to ensure proper system operation.  Once installed on the rail geometry car, its functionality 

and performance were further tested before it was left alone to operate without user intervention. 

Improvements to the system included:  

 Adaption of polarization-maintaining optical components for further improving the 

LIDAR signal intensity, 

 Installation of the laser diodes and RF hardware in an isolated chassis in close proximity 

to the PXI CPU in order to better protect them from vibrations, 

 Increased computational speed of the system, enabling it to sample at more than twice the 

recorded data frequency, while performing other tasks such as collecting additional data, 

and 

 Use of ruggedized, explosion-proof housings for the optical lenses to better protect them 

from the demanding environment that commonly exists in revenue service. 

The second round of tests included a new field-hardy system that was built based on the same 

principles of the laboratory-grade system evaluated during the initial round of testing.  The main 

conclusions derived as a result of the extensive field-testing performed with the new system 

include: 

 The new field-hardy LIDAR system worked remarkably well onboard a track geometry car 

operated by one of the U.S. railroads for 5 months and over several thousand miles of 

revenue service track, all while operated in an unmanned manner. 

 The LIDAR system proved more accurate than the encoder in ground-truth calibration runs. 
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 The wheel-mounted encoder signal is susceptible to significant variations (noise) that are 

not seen in the LIDAR signal. 

 The LIDAR system is able to measure track curvature on real time, with the same or greater 

accuracy as Inertial Measurement Units (IMUs) that are commonly used in track geometry 

cars. 

 The LIDAR curvature measurements indicated more variation than the IMUs, which may 

have been caused by the truck dynamics in the curve, track geometry variations, or both.  

Additional studies are needed to determine the exact source of variations, and to assess if 

the LIDAR system can be used for track geometry measurements, while simultaneously 

measuring track speed and curvature. 

5.2 System Installation 

The installation of the LIDAR optics was changed to a truck-mounted configuration, a departure 

from the earlier tests that adopted a car body attachment, as shown in Figure 5-1 and Figure 5-2.  

A frame made of extruded aluminum secured to the truck through redundant fasteners was used to 

install the LIDAR optics housings.  Initially, the LIDAR lenses were pointed at the gage corner 

(similar to what worked well when the lenses were body-mounted), but this orientation proved to 

be sub-optimal for measuring track curvature, where the truck experienced significant yaw.  To 

eliminate this problem, the lenses were moved to an alternate configuration in which they are 

placed almost directly above the rail (TOR). This orientation proved to be effective for both track 

speed and curvature measurements, although it was noisier than the body-mounted configuration. 

The TOR orientation is shown in Figure 5-2. 
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Figure 5-1 – Truck-mounted LIDAR lenses, oriented toward gage corner.  This configuration was later 

changed to a TOR-focused setup. 

 

Figure 5-2 – Installation of LIDAR lenses, oriented toward TOR 

After some initial validation of the new geometry system onboard the track geometry car, it was 

tested unmanned for a period of four months on revenue service mainline. The test (determined by 

the track geometry car schedule) included traveling from Roanoke, VA to Narrows, VA in 
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Southwest Virginia, then to Fort Wayne, IN and continuing to Chicago, IL (Tests 4 and 5 in Table 

2). 

The installation of the PXI system, the chassis containing the RF hardware and laser diodes, and 

the auxiliary laptop used to remotely access the system is shown in Figure 5-3. By using the 

onboard KVM network, one could remotely access and monitor the system through an Internet 

connection and the auxiliary laptop shown. 

 

Figure 5-3 – PXI system mounted onboard track geometry car cab 

5.3 Ruggedized Enclosures for Optical Lens 

Another addition to the system during the PXI testing phase was the use of hardened, explosion-

proof protective housings to enclose the optical lenses. The housing was initially used with its 

standard glass window, however, testing revealed that the glass absorbed a significant portion of 

the laser light, resulting in reduced signal strength and leading to increased signal dropouts.  A 

new borosilicate glass was specified and integrated into the housing to better maintain signal 

strength.  Laboratory testing showed improvement in signal strength of at least 45%.  Figure 5-4 

shows the enclosure after the window modification.  In order to assess the optics performance and 

the optimal housing configuration, the field tests were performed with a glass window in only one 

of the two housings.  The glass window was left out of the other housing, with the intention being 

to compare the signal intensity of the two signals over time. This comparison provides data on the 

clouding of the lenses over time due to debris and contaminant accumulation. The tests proved that 

the glass lens can be removed from the housing if positive air pressure is supplied to the housing, 

as will be discussed later. 
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Figure 5-4 – Ruggedized, protective housing securing the LIDAR lenses onboard the track geometry car 

5.4 Test Route 

  The routes that the system was tested on included:  

 Roanoke, VA to Narrows, VA (early February 2012) 

 Ft. Wayne, IN to Chicago, IL and back (mid-February 2012) 

 Various locations on the Eastern seaboard and in the Midwest (February to May 2012) 

During the field tests onboard the track geometry car, no necessary modifications or changes were 

made to the system, demonstrating the system’s durability and sustainability for testing over long 

distances and long periods of time, and in various track conditions and inclement weather. 

5.5 Test Results 

The data collected on revenue service tracks from the Eastern seaboard to the Midwest included 

long sections of tangent track, simple and compound curved track, sidings, switches, and other 

special track work.  The following sections will provide a detailed analysis of the results from 

tangent track and curvature testing. The analysis is intended to highlight the system’s accuracy, 

satisfactory performance in the presence of special track work. 

5.5.1 Tangent Track Testing 

Earlier tests showed that the LIDAR system provides higher accuracy than a wheel-mounted 

encoder when compared with ground-truth calibrations (Section 4.3.2).  To further assess its 
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performance, the LIDAR system was tested over numerous tangent track sections during the time 

it was installed onboard the track geometry car.  A sample of the distance and speed measurements 

is provided. 

A 1.3-mile section of tangent track that was encountered near Chicago, IL is selected.  The GPS 

coordinates, shown in Figure 5-5, indicate the long stretch of tangent track, followed by a left-

hand curve, as the train travels Northeast (the direction noted on the figure). 

 

Figure 5-5 – Geographic profile of a tangent section followed by a curve recorded via GPS 

Figure 5-6 displays distance traveled vs. time for the right- and left-rail LIDAR measurements as 

well as the encoder and track centerline.    It is clear that the measurements by the encoder and 

LIDAR system are nearly identical. 
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Figure 5-6 – A comparison of distance vs. time measurements by the encoder and the LIDAR system on 

tangent track (encoder and LIDAR are essentially overlaid) 

To better highlight the similarity of the measurements, Figure 5-7 shows the accumulating error in 

measured distance between the encoder and the left rail LIDAR.  Again, the left rail LIDAR is 

selected since the encoder is installed on the left side of the railcar.  The accumulating error 

between the LIDAR and encoder distance measurements shown in Figure 5-7 is believed to be a 

result of slippage that happened at the wheel and was measured by the encoder, as was evident 

during the ground-truth calibrations.  Nonetheless, the LIDAR system is able to provide distance 

measurements with higher accuracy, or as accurately, as the encoder unit. 
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Figure 5-7 – Difference in distance measurement between the encoder and the LIDAR system for tangent 

track 

Figure 5-8 provides a comparison between the train speeds measured by the LIDAR system and 

those calculated from the encoder distance (recall that encoders measure distance through the 

number of revolutions of the wheel, which can be differentiated to calculate speed).  Once again, 

the left rail LIDAR measurements are selected for the comparison.  Because the measurements are 

on a tangent track, the right rail and track centerline measurements are expected to be identical to 

the left rail. 
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Figure 5-8 – A comparison of train speed vs. distance from the LIDAR system and the raw encoder data on 

tangent track 

The data presented in Figure 5-8 is the raw encoder and LIDAR data in order to enable RTL to 

provide a direct comparison between the two.  Although both plots have the same trend, the 

encoder-calculated speed shows far more high-frequency content.  Track geometry cars commonly 

use highly sensitive encoders, capable of generating as many as 10,000 pulses per wheel revolution 

[1].  This high sensitivity makes the encoder output susceptible to increased signal noise, although 

it greatly improves the spatial resolution (accuracy) of the measurements.  Common practice is to 

highly filter the encoder raw data to capture the raw data’s general trend or average.  The encoder’s 

high resolution helps with the ability to generate foot-pulses more accurately. 

An additional assessment of the LIDAR speed measurement is made in Figure 5-9, where the 

filtered data for both rails is co-plotted with GPS data and encoder as well as track centerline 

(calculated) measurements.  The encoder and centerline calculated speeds are the same as 

described previously.  A frequency content analysis of Figure 5-9 is completed using a Fast Fourier 

Transform (FFT) and is presented in Appendix D. 
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Figure 5-9 – A comparison of LIDAR speed measurements with GPS and encoder data for tangent tracks 

5.5.2 Curved Track Testing 

The ability to measure curvature using the LIDAR system’s speed output was evaluated in a 

manner similar to the tangent track analysis discussed in the previous section.  A stretch of 

mainline track with a few right- and left-hand curves was selected, as is shown in Figure 5-10.  

Positive curvature indicates right-hand curves, whereas negative curvatures are left-hand curves. 

A comparison is made between the curvature measurements from the LIDAR system and the 

Inertial Measurement Unit (IMU) onboard the track geometry car.  The data from both systems 

closely match each other, although the LIDAR measurements have more fluctuations in the main 

body of the curves.  This fluctuation is attributed to one of two sources, or both, namely: 

 The varying truck yaw movement in the curve can change the relative angle between the 

LIDAR beams and truck, therefore introducing a variance in the curvature measurements. 

 The ability of the LIDAR system to measure track curvature with very high spatial 

resolution enables it to detect track geometry variations that may exist in curves.  Note that 

an inertial-based measurement system (i.e., IMU) operates based on the lateral forces 

generated by the centripetal forces and primarily measures the broad track curvature, not 
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local variations in track geometry.  The LIDAR data can be filtered to reduce the effect of 

the local track variations in order to put it more in par with the inertial filtering that is 

inherently present in IMU, as is done in Figure 5-12 and Figure 5-13 and will be discussed 

later. 

It is also possible that both factors mentioned above contribute jointly to the fluctuations observed 

in the LIDAR data. 

 

Figure 5-10 – A comparison between the LIDAR track curvature measurements with the track geometry car 

(IMU) data 

Determining the exact source of the fluctuations is the subject of a follow-up study that has been 

proposed to FRA.  Beyond being scientifically intriguing, understanding the main source of the 

fluctuations can have significant practical implications. If it is determined that the fluctuations in 

the data are mainly due to the local track geometry changes, then it is possible to extend the 

application of the LIDAR system beyond track speed and curvature measurements. Such a 

discovery will enable the development of a multi-purpose system that can be used for measuring 

both track speed and curvature, and track geometry.  

Distance (mi) 
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In order to determine the repeatability of the LIDAR curvature measurements, a comparison was 

made on the same section of track traveling in two different directions [67], as shown in Figure 

5-11. 

 

Figure 5-11 – Westbound and eastbound curvature measurements 

The eastbound and westbound curvature measurements show a good correlation, with the 

exception of the 6-degree left-hand curve (at a distance of 3.9 miles) where westbound curvature 

measurements are different from the eastbound measurements.  A similar, but less significant, 

discrepancy is seen at 3.4 miles for a short 6-degree curve.  At this time, the source of this 

discrepancy has not been conclusively determined.  Currently, the best estimate is that the 3-axle 

truck that is on the track geometry car yaws differently during the westbound and eastbound travel, 

resulting in a change in curvature measurements.  This theory, however, is not entirely supported 

by the measurements for the right-hand curves and the 6-degree left-hand curve at the 4.5-mile 

marker.  Further investigation into this matter is necessary in order to determine the error source.  

It is believed that this behavior is primarily found in the truck-mounted LIDAR system with the 

selected beam alignment.  Changing the beam alignment or the LIDAR lens mounting to the car 

body could entirely eliminate the variations seen for some of the curves in Figure 5-11. 
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Whereas earlier figures show the system performance over a long stretch of track, the next two 

figures are intended to highlight the LIDAR system results in specific curves.  Figure 5-12 and 

Figure 5-13 show the speed versus distance traveled in a 3.1-degree left-hand curve. The speed 

differences between the right and left rails in Figure 5-12 are further highlighted in Figure 5-13.  

This speed difference demonstrates the compensation for the different distances that the left and 

right wheels travel in the main body of the curve.  The high-rail wheel (in this case, the right side) 

must travel a longer distance than the low-rail wheel (left side).  Because the wheels are rigidly 

mounted to the solid axle with no differential rotational velocity, the wheel on the high rail (right 

side) must travel faster than the other wheel, as is clearly shown in Figure 5-13. 

The fluctuations observed in the encoder measurements are believed to be due to the wheel 

slippage that is on the left side (low-rail side).  Slip occurs since the rotational speed of the two 

wheels is the same throughout the axle even when one wheel (high-rail) travels farther than the 

other wheel through a curve.  Both Figure 5-12 and Figure 5-13 effectively capture this intriguing 

wheel dynamic behavior through the encoder data. 

 

Figure 5-12 – A comparison of LIDAR and encoder train speed through a 3.1° left-hand curve 
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Figure 5-13 – Train speed measured by the LIDAR system and the encoder in the main body of a 3.1° left-

hand curve 

5.5.3 Foot Pulse Feasibility 

One concern for the application of the research results is the feasibility of using the LIDAR 

distance measurements as a replacement for the encoder-generated “foot pulse.”  The wheel 

encoder signal is used to drive a circuit that outputs a digital TTL signal for every foot of travel 

along the track.  This signal is used by a variety of track geometry measurement systems on a track 

geometry car.  A software foot pulse signal was generated to simulate the foot demarcations for 

the LIDAR distances traveled.  This footmark was compared with the footmarks from the encoder 

pulses.  Figure 5-14 and Figure 5-15 show a comparison of these two simulated pulses for 50 feet 

and 5 feet, respectively. 
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Figure 5-14 – Simulated LIDAR foot pulse signal versus encoder foot pulse for 50 feet of travel 

 

Figure 5-15 – A close-up of simulated LIDAR foot pulse signal versus encoder signal for 5 feet of travel 



 

74 

Figure 5-14 and Figure 5-15 shows the foot pulses by the encoder and the LIDAR system to be 

nearly identical, with possibly occasional small deviations.  These deviations, however, are 

different than the overall accuracy of the two systems that was evaluated during the ground-truth 

calibration in Section 4.3.2.  The small difference (or jitter) in the foot pulses are caused by the 

data save rate of the LIDAR and encoder data on the PXI computer, and not by the inaccuracy of 

either system.  If the data had been saved at a higher rate, then the foot count jitters would not have 

been perceptible.  The error would have been within the total distance difference measured during 

the ground-truth calibration runs, i.e., less than 0.4%. 
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6 Phase I Revenue Service Testing with Car Body-Mounted 

LIDAR System 

During the previous round of tests, the LIDAR system was truck-mounted.  In order to evaluate 

the suitability of a car-body-mounted system and further verify earlier test results, the system 

installation was changed and a new round of tests were performed for nearly 5 months onboard a 

track geometry car that was operated on various revenue service tracks. 

The primary conclusions reached during these tests are similar to the earlier PXI system tests 

discussed in Section 5.5. The results confirmed the LIDAR system’s performance in a different 

mounting configuration (car body mounted) and over significantly more miles of track. 

6.1 Test Setup 

The PXI-based LIDAR system mounting was changed from the truck (previous tests) to the car 

body.  Recall that the LIDAR lenses were body-mounted during the initial round of testing that 

included the laboratory grade system, as discussed in Section 4.  This round of tests was intended 

to repeat the initial tests with a field-hardy system over a much longer period of time. 

Figure 6-1 shows the system installation onboard the car body.  The lenses were encased in the 

same rugged housings that were used earlier.  The housing cover, however, was modified to 

include a metal cover with a cutout (approximately 1”) for the laser beam. These LIDAR housings 

were connected to a positive airflow supply to push out dirt and debris from the housing and keep 

the lenses clean. A closer view of the housing and air supply is shown in Figure 6-2. 

The orientation of the lenses was changed so that the LIDAR beams pointed at the gage corner, as 

this orientation proved effective in earlier tests. 
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Figure 6-1 – Body-mounted LIDAR system onboard the track geometry car with gage corner beam alignment 

 

Figure 6-2 – LIDAR lens housing attached to an air supply supplying positive pressure inside the housing 

As stated previously, the LIDAR system was tested on a variety of tracks in various locations 

during the 5 months that it was installed onboard a track geometry car.  A sample of the data has 
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been analyzed to determine distance and curvature.  Additionally, a preliminary attempt is made 

at measuring track alignment from the data.  

A summary of the primary findings is presented in the following sections. 

6.2 Speed Test Results 

The speed data was analyzed and compared with the encoder measurements in much the same way 

as the earlier tests.  Figure 6-3 shows the speed comparison for approximately 40 miles of travel.  

Figure 6-4 depicts a close-up of the same data over 1 mile.  The results in Figure 6-4 re-affirm the 

earlier findings in that the speed measured by the LIDAR system is nearly identical to the encoder 

measurements.  A closer look at the data in Figure 6-4 shows a stair-step characteristic in the 

encoder data, which may be caused by the differentiation computations (note that the encoder 

distance data is differentiated to obtain speed), or the dynamics of the encoder itself.  Nonetheless, 

LIDAR shows a smoother measurement of speed (LIDAR measures speed directly) than the 

encoder, although they both follow the same trend. 

 

Figure 6-3 – A comparison of encoder and LIDAR speed measurements for 40 miles of revenue service track 
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Figure 6-4 – A close-up of encoder and LIDAR speed measurements over 1 mile of revenue service track 

6.3 Curved Track Testing 

The track curvature measurements were successfully obtained using the LIDAR system speed 

output.  Comparison with the Inertial Measurement Unit (IMU) onboard the track geometry car 

confirms the ability of the LIDAR system to serve as a curvature measurement tool in various 

degree curves and in real time.  Figure 6-5 and Figure 6-6 show a comparison between the two 

systems over a long (40 miles) and short (1 mile) section of track, respectively.  Figure 6-5 shows 

that the LIDAR system and IMU system’s measurements are quite similar in overall curvature 

detection.  A close-up of the results in Figure 6-6 over 1 mile of track further shows that the 

curvature measurements by the two systems are nearly identical.  Similar to the earlier tests, the 

LIDAR system measurements show slightly greater variations in the main body of the curve, which 

requires further evaluation.  The source of the variations may be the car body dynamics in the 

curve or variations in track geometry.  Proving that the variations are due to the track geometry is 

significant because it allows the LIDAR system to simultaneously be used for track speed and 

curvature measurements and furthermore, track geometry assessment. 
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Figure 6-5 – A comparison of IMU vs. LIDAR curvature measurements on 40 miles of revenue service track 

 

Figure 6-6 – A comparison between LIDAR and IMU curvature measurements on approximately 1 mile of 

revenue service track 
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6.4 Individual Assessment of Left and Right Rail Track Measurements 

The rail geometry car measurement systems can be used to individually measure the right and left 

rail curvature.  For this calculation, the left and right alignment measurements are overlaid on top 

of the IMU curvature data to produce individual curve measurements for the left and right rail.  

The alignment measurements presented here refer to a style of curvature measurement using chord 

length data.  That is, the curvature of the track is determined by observing the deviation (alignment 

offset) of the track from a reference string line 62 feet in length.  The onboard sensors use what is 

essentially a digital form of this chord measurement through proper filtering.  For every inch of 

separation between the reference rail and string midpoint, the track is rated at 1 degree of curvature.  

Figure 6-7 shows the LIDAR curvature and the IMU alignment data.  The LIDAR data shows 

similar oscillations to IMU alignments though the curves are not an exact match.  The discrepancy 

between the LIDAR and these alignment readings may be due to the fact that the IMU used on the 

track geometry car measures alignment in a different manner from LIDAR.  Also the LIDAR result 

only consists of one line for the right and left rail alignment, generating variation between the 

LIDAR and IMU data. 

 

Figure 6-7 – A comparison between LIDAR and IMU alignment measurements on approximately 1 mile of 

revenue service track 
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7 Phase II Revenue Service Testing with Car Body-Mounted 

LIDAR System 

7.1 Overview 

Three primary tests are carried out on local revenue service track for distance calibration, ground-

truth curvature measurement, and LIDAR system performance tests on an operating geometry car 

operated by Norfolk Southern.  The distance calibration tests involved ground-truth distance 

measurements followed by optical sensing of spatially distributed landmarks from a moving 

geometry vehicle.  The purpose of this test serves to calibrate the LIDAR system’s speed-

dependent distance calculation and to assess the accuracy of the LIDAR measurements.  The 

ground truth curvature measurements are carried out by manual stringline tests for a set of 6 

selected curves.  This set of curves is used primarily for the assessment of LIDAR’s absolute 

accuracy in measuring curvature.  Comparison with ground truth curvature increases the fidelity 

of genuine curvature estimation, as opposed to comparison with IMU curvature data which 

presents its own inaccuracies in measurement.  The LIDAR system collected data over several 

trips made by the geometry car.  In addition to speed, distance, and curvature data, an additional 

pair of lenses added to the system captures the horizontal motion of the rails relative to the forward 

motion of the train car.  This information provides gage variation characteristics of the railroad.  

The data provided by the LIDAR system are compared with readily-available information from 

the rail monitoring instruments for comparison of accuracy in detection.  The previous LIDAR 

program confirmed the ability of the LIDAR system to collect data over extensive mileage on 

revenue service track.  The current program puts a focus on the accuracy of the multiple functions 

of Doppler LIDAR based on information collected over designated “test sections” on local railroad 

track. 

The test results indicate that the LIDAR system can 1) measure distance traveled with high 

accuracy, confirmed by ground-truth reference data, 2) utilize speed data to accurately detect and 

measure curvature, 3) capture gage variation, or alignment, of the rail, and 4) successfully serve 

as a foot-pulse demarcation device for spatial representation of railroad infrastructure.  This feature 

of the system has been successfully integrated with NS’ geometry car in outputting LIDAR’s foot 

counter signal. 
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7.2 Significant Findings 

The significant findings of this study are 

 An optical sensor can be added to the LIDAR system to provide fiduciary distance 

calibration data. 

 The LIDAR system is able to accurately capture train speed with comparable results to that 

of the wheel-mounted encoder and on-board GPS units.  

 The LIDAR system is able to provide speed data that allows for calculation of track 

curvature in a non-contact manner.  Degrees curvature is successfully reproduced by means 

of separate longitudinal speed behaviors of the low and high rail wheels, differing from the 

yaw rate detection of the IMU.  The high accuracy of speed data collection suggests the 

curvature data from the LIDAR system is high in accuracy as well. 

 Curvature measured by the LIDAR system shows a close correlation with ground truth 

measurements containing high variation in alignment, or discontinuities in the curve 

profile.  This variation is an attribute to induced car body motion observed throughout a 

curve. 

 The LIDAR system can measure both track speed and curvature at train speeds as low as 

0.5 MPH, far below that possible with the IMUs that are currently used in track 

measurement railcars. 

 The track speed measured by the LIDAR system can be converted to provide a TTL foot 

pulse, similar to the wheel-mounted encoder, which is communicated with the geometry 

car foot pulse detector. 

 The LIDAR system installation onboard a track geometry car requires little to no 

maintenance during travel over hundreds of miles during revenue service tests.  The body-

mounted frame has shown to be robust and requires no intermittent adjustment during tests.  

The lenses measuring train speed do not require cleaning due to protective housings. 

7.3 Project Tasks 

The completion of this phase of testing is defined by the four major tasks assigned to this study.  

They involve accuracy assessment, track geometry identification, foot-rate data implementation, 

and comprehensive system tests.  The tasks are defined here. 
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7.3.1 System Accuracy Assessment 

Assess the accuracy of the LIDAR system against extended ground truth and short-cordal 

curvature measurements to demonstrate that the LIDAR system is at least as accurate as the 

tachometer and Inertial Measurement Unit (IMU) that are commonly used in track geometry 

systems. Our initial assessment of the LIDAR system that has been designed for this program 

indicates that it is more accurate than both the tachometer and IMU devices. The measurement 

accuracy of the system, however, needs to be further verified. For this task, in collaboration with 

NS, we intend to perform the following subtasks: 

A. Perform a system calibration on a stretch of tangent track (commonly 1000 – 2000ft of 

measured track) where the accuracy of the LIDAR system is checked against each 

other, using the known track length. The track length is measured and marked with a 

measurement wheel or other measurement means, independent of either system that is 

being calibrated. This method is commonly used for calibrating tachometers that are 

used in metrology cars. NS has extensive experience with this type of calibration testing 

and will provide the assets needed for the testing. The tests will occur near Roanoke, 

Virginia, if possible. 

B. Compare LIDAR track curvature measurements against short-cordal length 

measurements, in order to provide a comparison with a measurement that has more 

curvature spatial fidelity than IMU. The comparison of the LIDAR curvature data with 

IMU measurements shows good agreement between the two. The IMU measurements, 

however, is limited to the general trend of the curve. It cannot measure any local 

deviations that may exist in the curve. A higher resolution method of measurement is 

needed to assess if the spatial deviations that are observed in the LIDAR data have any 

correlation with the track geometry deviations in the curve. The short-chord 

measurements will provide the means for such a direct comparison. 

7.3.2 Track Geometry Measurement Application 

We have already performed an extensive amount of data analysis for evaluating LIDAR’s 

capability for measuring true ground speed and track curvature. This task will exclusively 

concentrate on determining the LIDAR system’s capability for measuring track geometry, such as 
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alignment, profile, and crosslevel. The test results in Task 1 will be vital to carrying out this task. 

The short-chord measurement of the track curvature, for instance, will include the track gage 

variation or alignment deviations. Comparing that data with LIDAR data from the same sections 

of the track will allow us to assess the accuracy of the measurements (Task 1), but also evaluate 

the system utility for track geometry measurements. The subtasks that we will perform will 

include: 

A. Determine what aspects of track geometry can be measured with the existing velocity-

based system, using the field data from the tests that we have conducted during the past 

few months. Use of AM/CW ranging techniques for measuring absolute gage will be 

investigated as a modification to the existing velocity based fiber systems. The existing 

fiber circuit topology and electronics are suited to such modifications. 

B. Compare the LIDAR data with measurements made in Task 1 to establish the system 

utility and accuracy for the track geometry measurements deemed feasible in Subtask 

2-A. 

C. Make recommendation to FRA on system modification necessary for measuring all 

aspects of track geometry. 

D. Communicate findings with FRA and NS. 

7.3.3 Foot-pulse Demarcation 

The current geometry measurement systems are based on one-foot demarcation of the measured 

data.  The 10,000-Hz encoder is used to generate a pulse for every foot of forward travel. The foot-

pulse demarcation is used to determine the spatial position on the track. The whole system is 

“zeroed” every so often, say every 2000 feet traveled, to eliminate any drift and keep the 

measurements in sync. This task aims to modify our current LIDAR system to do exactly the same, 

such that the LIDAR system can be used as “plug and play,” in place of the tachometer signal for 

geometry cars. The specific subtasks will include: 

A. Design a simple analog/digital circuit that generates the foot pulse. Bear in mind 

that the LIDAR system measures speed, as opposed to an encoder that measures 

wheel rotation, and therefore distance traveled. The analog circuit will include a 
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clock that will allow us to convert instantaneous speed to distance (recall that 

distance = speed x time). 

B. Test the circuit in Subtask 3-A in the lab and correct any deficiencies. 

C. Prepare the circuit for field testing and implementations in the PXI system running 

onboard the NS 36/38 geometry car. 

D. Communicate findings with FRA and NS. 

7.3.4 LIDAR System Trial Runs onboard Geometry Cars 

Upon successfully completing Task 3, we intend to replace the encoder signal with the LIDAR 

signal as a direct retrofit. This will be done initially on a trial basis, during a short run, and 

eventually on a more permanent basis. The subtasks that we intend to perform are: 

A. Perform a trial run with NS 36/38 or on one of the FRA geometry cars. Substitute 

the encoder signal with the LIDAR foot-pulse signal and run the track geometry in 

a trial run for a sufficiently long distance, say 10 to 20 miles. 

B. Upon successfully completing Subtask 4-A, consider replacing the encoder signal 

with LIDAR signal on a more permanent basis, on board one of the geometry cars 

(FRA’s or NS 36/38). 

C. Communicate findings with FRA and NS. 

7.4 Testing Setup 

The preceding LIDAR program proved the feasibility of LIDAR technology in measuring track 

speed and curvature in a non-contacting, semi-autonomous manner in revenue service.  This was 

completed between VT, FRA, and YES. 

The program further investigated the accuracy of the LIDAR system in measuring speed, distance, 

curvature, and alignment variation of revenue service track.  Ground truth measurements were 

performed for obtaining direct comparisons with LIDAR distance and curvature measurements.  

The program also implemented an optical sensor for tracking fiduciary distance measurements 

used for calibration as well as a foot-pulse generator based on instantaneous LIDAR speed data.  

The testing was performed by VT in collaboration with YES and NS on a track geometry vehicle.  

The primary tests were performed in tandem with routine operation of the NS geometry car with 
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exception to the repeatability tests performed along the distance calibration track section and an 

encoder emulation test with the VT foot pulse generator.  One test run of the LIDAR system was 

performed un-attended by the VT group, collecting data over 120 miles, with attention from NS 

personnel for only power-on and shut-down procedures.  The latest test with the geometry car 

served to run the VT foot-pulse generator integrated with the NS system for producing a speed 

estimate in the same manner as the wheel-mounted encoder.  The test runs for this program are 

fewer than that of the preceding program, however more focus was given to test the latest hardware 

additions to the LIDAR system and analyze data over designated “test areas” for system accuracy.  

The successful completion of the tests was an important part in providing data to support the notion 

that LIDAR technology provides high-accuracy utility in rail monitoring procedures.  The results 

strongly suggest VT’s LIDAR system is comparable to standard measurement technologies 

currently used by the U.S. railroads for speed, distance, alignment, and curvature measurement. 

7.5 Accuracy and Precision of Measurement 

The high accuracy of the LIDAR system can be defined by the rate at which the raw, analog 

Doppler signal is captured.  The PXI system writes to a data file at 20 Hz and the PCI system 

writes at 10 Hz, or time steps of 0.05 s and 0.1 s, respectively.  All measurements provided by the 

LIDAR system including signal intensity, raw curvature, GPS data, and encoder speed, are written 

at these data rates and define the resolution at which speed, distance, curvature, and gage variation 

are analyzed.  On the order of MHz, the LIDAR system estimates the speed of the train by sampling 

a lowpass-filtered analog Doppler signal rated at 579 kHz/MPH.  The PXI processor primarily 

used for train speed analysis samples the Doppler signal at 50 MHz and the PCI system used for 

gage variation measurement samples at 5 MHz.  The processors determine a peak Doppler 

frequency over a specified number of averaged FFTs which corresponds to a speed in MPH.  The 

number of FFTs averaged determines the rate at which the data is written to a file for storage. 

7.6 Temporal Accuracy 

The foundation of speed measurement accuracy and thus distance and curvature accuracy is 

dependent on the time-based data output of the LIDAR system.  The processor clock time, written 

at a data rate at which the LIDAR system’s auxiliary signals are recorded, is investigated to observe 

the inherent accuracy of the system.  This analysis is performed by observing the system’s ability 
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of maintaining a nominal time step in recording data.  The accumulation of inconsistencies in step 

sizes results in a deviation from ideal models, or theoretical calculations [5]. 

The time data written by the PXI is looked at closely to observe variation in time step size 

compared with the nominal step size.  Given that the data rate is 20 Hz, the nominal time step size 

is 50 ms.  Variation from this time step size is inevitable due to internal noise in the processing 

system and contributes to error in time-dependent calculations such as distance.  Figure 7-1 shows 

the array of time steps recorded by the PXI with a reference line on the nominal 50-ms time step.  

The plot reveals a few interesting behaviors of the processing system.  First, the time step falls 

primarily into one of 6 values in close proximity to 50 ms.  These horizontal “lanes” of values 

indicate the system has an inherent accuracy at which data is written.  Secondly, the density of 

data in each time step value decreases as the variation from the nominal step value increases. 

 

Figure 7-1 – Time step offset from the nominal 50-ms data rate (20 Hz) 

Finally, the time step might be relatively large and lie in an outlier region.  This is clearly visible 

in Figure 7-2.  
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Figure 7-2 – Close-up view of the time step offset from the nominal 50-ms step.  A bias is clearly visible for 

time steps 50 ms and above 

The speed profile produced by the LIDAR system, given the sampling configuration described 

earlier, exhibits an easily-measureable accuracy for speeds below 30 MPH and a much finer 

accuracy for higher speeds.  Figure 7-4 in the next section shows a centerline speed profile obtained 

by taking the average of the left and right rail speeds recorded by the PXI system.  The x-axis is 

the index array of the data file to show the speed data in its raw form.  The clock time array is used 

with the centerline speed array to obtain distance information.  In the figure, a sample of the speed 

profile is blown up to show the discrete nature of recorded speed from the 22-25 MPH range.  A 

closer look at the step size of the data along the speed axis gives more information about the 

accuracy at which the speed data is recorded.  

7.7 Speed Measurement and Accuracy Assessment 

As previously described, the LIDAR system measures the speed of the train by recording the 

motion of the rails relative to the traveling car body at a fixed frequency.  Accuracy assessment of 

recorded speed is essentially based on the sampling rate and data averaging performed by the 

LIDAR processor to produce the data output.  It is important to cover the conditions with which 

speed data is processed as it defines the performance of the LIDAR system. 

7.7.1 Low-speed Measurement 
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(a)  

 
(b)  

 
(c)  

Figure 7-3 – A segment from a field test where the train came to a stop twice (a), giving the opportunity to test 

low-speed sensitivity of the LIDAR system.  The first and second stops, (b) and (c) are shown and 

demonstrate the ability of the LIDAR system to capture speeds as low as approximately 0.1 mph. 
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7.7.2 Accuracy of Speed Capture 

 

Figure 7-4 – Centerline speed profile recorded over an hour of travel time.  The inset on the plot shows the 

discrete nature of speed detection for speeds in the lower 20 mph range 

Accuracy of speed capture is related to the speed resolution recorded by the system, namely the 

value v  between any two consecutive speed readings.  Figure 7-5 shows a closer view of the inset 

from Figure 7-4.  The discrete form of a speed profile is very apparent and easily measureable for 

resolution.  Figure 7-6 shows a comparison with the encoder signal sampled by the PXI processor.  

The accuracy of the encoder is 0.300 mph for the speed range shown, from 24.4 to 26.4 mph, 

almost 3-fold below LIDAR accuracy of 0.113 mph.  It is important to note that the PXI processor 

records encoder data at the PXI data rate (20 Hz) rather than the foot-pulse rate of the NS system.  

This does not allow for direct comparison between encoder speed data and LIDAR speed data, yet 

individual results such as resolution may be evaluated against each other. 
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Figure 7-5 – LIDAR speed accuracy shown over a 70-s travel segment.  The accuracy is revealed when the 

data is viewed with discrete data points 

 

Figure 7-6 – Comparison between LIDAR speed accuracy and encoder speed accuracy (as recorded by the 

PXI processor) 

An increase in accuracy of the system is apparent in speed transitions from the upper 20’s into the 

30 mph range.  This behavior is directly noticeable when viewing centerline speed data (the 

average of the two speed signals) that passes over this speed band.  That is, the discrete steps along 

the speed axis decrease in size into much finer, non-uniform step sizes indicating a transition to 

higher accuracy.  Figure 7-7 provides an example of centerline speed data transitioning into the 

high accuracy speed band.  The accuracy shown previously in Figure 7-5 is more clearly seen in 

the lower speed band in the figure below.  The accuracy of speed detection increases as the speed 

transitions into the higher speed band.  
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Figure 7-7 – Accuracy transition from low to high across the upper 20-mph speed range 

An alternative perspective is to look at the overall speed profile and observe how the speed changes 

along consecutive data points.  Observing the change in speed between consecutive data points, 

|| 1 kk vv  , in a given speed range lends detail to the magnitude of the LIDAR system’s accuracy 

for that range.  Figure 7-8 shows a speed profile of the geometry car for over an hour of travel time 

and the change in speed recorded for each consecutive data point.  For speed regions below 30 

mph, the Speed Difference plot has an apparent separation of speed changes detected, or two 

possible step sizes between two consecutive speed readings.  The lower speed differences 

correspond to the horizontal regions in the discrete speed profile (refer to Figure 7-5) and the larger 

differences correspond to each step to the next higher or lower speed detected (recall that this plot 

shows the absolute value of the speed change).  The clusters of speed difference outliers in the 

high-accuracy region will be discussed shortly.  Figure 7-9 provides a closer look at the speed 

profile and corresponding speed step changes shown in Figure 7-5.  The transition in speed 

detection resolution is apparent in this figure as the train accelerates from below 30 mph into a 

higher speed region.  In addition to the higher accuracy obtained at increased speeds, the maximum 

step change is also reduced slightly to just under 0.2 mph, or 0.3 fps.  Further investigation will 

show how the accuracies inherent to the processing system produce this behavior.  
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Figure 7-8 – Speed profile of test trip with the corresponding step in speed change between two adjacent 

speed readings 

 

Figure 7-9 – Close-up view on the speed profile and speed difference plots, both plotted with time.  The 

separation of data in the first half of the speed difference plot implies a lower accuracy of speed estimation 

It is appropriate here to investigate the accuracy of the LIDAR system across the range of speeds 

it measures for a given test run.  Figure 7-10 shows a plot comparing the system’s accuracy, or 

resolution in detecting speed changes, with respect to the track speed detected.  The appearance of 

a dual speed-difference profile is immediately noticeable for speeds under 25 mph followed by a 

transition spanning a 10-mph speed band into a much finer accuracy.  The accuracy above 35 mph 

becomes difficult to assess visually, however on a qualitative basis it is a clear indication of 

substantially higher resolution of speed changes recorded.  
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Figure 7-10 – Speed difference vs. time plot showing the accuracy of recording speed as a function of forward 

translational speed of the train 

Under 35 mph are visible high-density clusters of speed difference estimations, a direct indication 

of high-accuracy behavior relative to the local data.  This is a result of a number of factors, the 

first being the amount of data in that speed region available in a given data set.  It follows that 

more data collected at a given speed will produce a higher concentration of information to analyzed 

system accuracy.  One way to obtain higher concentrations of data at given speeds is to travel at 

constant speed, ideally maintaining changes in speed below the accuracy at which the system 

detects these changes.  Referring again to Figure 7-10, both channels record a speed of 13 mph at 

a higher accuracy than surrounding, local speeds.  Closer inspection of the speed profile in Figure 

7-4 shows a region of constant speed at 13 mph, as shown in Figure 7-11.  The plot shows a 

duration of 14 seconds of travel at 13 mph, a relatively long duration of travel at constant speed 

compared to the train’s overall speed profile.  By maintaining this speed, the LIDAR system 

maintains a finer recording accuracy and thus accumulates a higher density of data.  The scatter 

along the constant speed interval is attributed to any combination of irregularities of the rail, track 

infrastructure components, and unwanted noise from system vibration.  
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Figure 7-11 – Region of constant speed travel which is attributed to the increase in data seen in Figure 7-10 

As mentioned above, an additional contribution to high-density regions for speeds under 30 mph 

is the amount of time the geometry car spends traveling within a particular speed band.  For 

instance, in Figure 7-10 there is a visible concentration of data in a speed band of approximately 

23 to 25 mph.  It can be assumed that the train spent a relatively large amount of time traveling at 

these speeds recording a higher amount of information.  This is confirmed by viewing a histogram 

of the speeds recorded, rounded to the nearest mph.  Figure 7-12 clearly shows a higher 

concentration of speeds recorded from 23 to 25 mph.  The data suggests the LIDAR system is able 

to produce more accurate data given longer intervals of travel at a constant speed [68]. 

 

Figure 7-12 – Histogram of train speeds recorded over test run.  Regions of high frequency indicate a 

tendency of the train to travel within those speed regions 

14 
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Closer inspection of Figure 7-10 showing speed estimation accuracy reveals an interesting 

behavior of the processing system in measuring speed.  Figure 7-13 through Figure 7-18 reveal the 

increase in accuracy of recorded speed at higher speeds.  The data shows a transition into a less 

finite speed approximation, or higher speed recording accuracy, as track speed approaches 50 mph.  

The signals obtained from both channel 0 and channel 1 are shown separately in each figure but 

aligned with respect to speed data. 

 

Figure 7-13 – Independent representations of speed accuracy for channel 0 and channel 1, the left and right 

rail recording accuracies, respectively 

 

 

Figure 7-14 – A closer view at a 2-mph speed region centered on 10 mph.  The dense regions of low speed 

difference are bounded by small clusters of higher speed difference outputs, a result of inherent processing 

behavior from the PXI 
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Figure 7-15 – A closer view at a 2-mph speed region centered on 20 mph.  A higher spread of speed difference 

data is visible in the channel 0 output while channel 1 maintains the accuracy as seen in the lower speed 

region 

 

 

Figure 7-16 – A closer view at a 2-mph speed region centered on 30 mph.  Both signals exhibit a higher spread 

of data, with channel 0 increasing to a much higher accuracy region 
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Figure 7-17 – Speed difference data over a 2-mph speed band centered on 40 mph.  Both channels exhibit a 

significantly higher recording accuracy.  The high density in this region is also owed to the train traveling 

primarily in this speed region 

 

 

Figure 7-18 – Speed difference data around 50 mph.  Both channels exhibit high accuracy recording with a 

lower density due to less time traveled in this speed region 

Figure 7-19 andFigure 7-20 show the progression of the mean resolution in a 10-mph window for 

increasing speeds up to the maximum speed recorded during testing for LIDAR data and encoder 

data, respectively.  Note the mean resolution increases slightly, however the standard deviation 

decreases indicating a loss of noise or variation, a desirable performance characteristic of the 

LIDAR system.  The mean resolution and standard deviation of the encoder increase significantly, 

indicating the presence of high variation, or noise content at increased speeds.  
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Figure 7-19 – Progression of LIDAR mean resolution and standard deviation with increasing speed in 10-

mph windows.  The resolution increases slightly, however the standard deviation decreases considerably, 

indicating an increase in precision, or less noise 
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Figure 7-20 – Mean resolution and standard deviation of encoder speed data for increasing speed intervals.  

The mean resolution increases considerably as does the standard deviation, indicating significant variation 

development with increasing speed. 
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Figure 7-21 shows the same progression of mean resolution and standard deviation with varying 

evaluation speed intervals.  This was carried out to observe how the perceived mean and standard 

deviation vary with changing evaluation lengths.  The data show the same general progression as 

concluded in the previous figures. 

 

(a)  

 

(b)  

 

(c)  

 

(d)  

Figure 7-21 – Progression of the mean resolution and standard deviation with increasing speed, for varying 

speed increments.  The increase in mean resolution of the LIDAR system (a) is considerably less than the 

encoder (c).  Standard deviation decreases in LIDAR data (b) while encoder data shows a significant increase 

(d), which correlates to the amount of noise and variation in the signal. 
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7.8 Distance Calculation 

It follows that larger values of speed or time step increments result in higher calculations of 

distance.  With the time step in the data at a fixed 20 Hz (50 ms), it is expected that the magnitude 

of each spatial step is proportionally related to the local speed.  Figure 7-22 shows the size of the 

spatial step determined by the instantaneous speed measured and the corresponding time 

increment.   

 

Figure 7-22 – Distance step vs. speed relationship with the data time step as the scaling factor.  The slope is 

expected to be approximately the inverse of the data rate of 20 Hz, or 0.05 s 

Theoretically, the data should follow the linear relationship  

vsvtx  05.0  

where v  is converted to fps from the original mph output units.  Applying a trend line to the data 

reveals the deviation from the theoretical time step scaling of speed to obtain distance.  The trend 

line equation indicates a time step of approximately 50 ms with a negligible DC offset, an 

indication that an even distribution of time steps exists around the nominal 50-ms time step, or 

data rate.  This is proven by converting the coefficient in the regression equation into the correct 

units: 

  mihshftsmisfts /05.0)]/()[(22/15/07376.0  , 

which is then multipled by v  in mph to obtain a constant with the value 0.05 s. 
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The outliers are attributed to internal noise of the system, occasionally causing large 

inconsistencies in time estimation, though induced error from these are minimal due to the 

relatively low concentration compared to the rest of the data. 

Closer inspection of Figure 7-22 reveals the effects of time data accuracy on the calculation of 

distance traveled.  With exception to the outliers, the spatial increment data in Figure 7-23 visually 

represents the accuracy at which distance is calculated.  The 6 possible estimations of a particular 

step size, appearing here as unique linear trends, grow apart with increasing speed.  This behavior 

is unlike the time step data in Figure 7-1; in this instance, the 6 most frequent time steps are the 

slopes of each linear trend in Figure 7-23.  Higher values of t  will produce a line with a greater 

slope, thus creating the spreading relationship among the 6 trends in Figure 7-23.  

 

Figure 7-23 – Close-up view of the possible time step values based on speed.  Multiple time step values are 

possible for a particular speed, as the plot shows.  Two outliers are visible before the 42.5-mph mark 

Given that the time data exhibits a bias toward values above the nominal 50-ms time step, it is 

expected that spatial step data will show a slightly higher estimation than what would result from 

t 50 ms.  Given that the trend line in Figure 7-23 implies t 50 ms, the spatial step estimation 

should average out to this general scaling factor, or slope. 
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7.9 Curved Track Testing 

7.9.1 Ground Truth Measurement 

A series of six curves between Roanoke and Bedford, VA is designated as a ground truth curve 

section over which LIDAR curvature estimation is analyzed.  Figure 7-24 below shows a map of 

the curve sections measured and traveled through during LIDAR system test runs.  Mid-chord 

offset measurements are taken along these curves, which provide curvature, or alignment data for 

comparison with LIDAR curvature data.  These short-chord measurements are taken at specific 

sampling intervals to reveal information such as instantaneous alignment changes which induce 

car body motion throughout the curve.  One can think of short-chord measurements as a mapping 

tool for curvature irregularities in addition to determining the general curve trend.  Results from 

LIDAR curvature comparison with ground truth data suggest the LIDAR system is sensitive to 

instantaneous curvature changes and contains information about car body motion in addition to 

recording general curvature data.  

 

Figure 7-24 – Satellite view of the curves designated for ground truth analysis 

Providing track curvature measurement is another primary goal for the program.  Doppler LIDAR 

is strongly believed by VT to be a reliable source of curvature measurement.  Curvature analysis 

is focused on a series of curves that has been designated as a test section over which calculation 

3.22.1

2.02.2

2.3

2.5

West 
Roanoke, 

Bedford, 



 

105 

of curvature is compared with short-chord ground truth measurement.  The series consists of 6 

curves between Roanoke, VA and Bedford, VA, which were profiled with 62-foot short-chord 

measurements at specific sampling intervals.  Table 5 below details the “ground-truth curves” 

dedicated to investigating LIDAR accuracy analysis.  With the exception of two grade crossing, 

the curve sections are clear of any railroad structures (switches, frogs, crossings, etc.).  The second 

and fourth curves, shown in the table below, both consist of one grade crossing at some point along 

the curve. 

 

 

Table 5 – Basic information on the 6 ground truth curves in this study.  IMU curvature values are given to 

provide railroad-rated measurements 

Curve 

Degrees 

Curvature 

(IMU) 

Orientation wrt 

Westbound Travel 

Sampling Interval 

(ft) 

Spatial Frequency 

(cycles/mi) 

1 3.2 Right 7.25 728.28 

2 2.1 Right 15.5 340.65 

3 2.0 Left 7.25 728.28 

4 2.2 Right 15.5 340.65 

5 2.3 Right 15.5 340.65 

6 2.5 Right 15.5 340.65 

 

The geographic profile of test runs is recorded by an auxiliary GPS unit to the LIDAR system as 

well as the geometry car GPS unit.  For a given test run, the LIDAR GPS profile of the service 

route traveled serves as a tool for identifying curve sequences for spatial reference in the curvature 

data.  Figure 7-25 shows the test route recorded by the LIDAR GPS and geometry car GPS units.  

The ground truth curve test section is highlighted showing its location along the complete route 

and the six curves within the section.  
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Figure 7-25 – GPS geographical tracking of test run as recorded by geometry and LIDAR system 

The following sections present analysis of curvature measurement using Doppler LIDAR 

technology with reference to ground truth data. 

7.9.2 Application of stringline measurements 

Recording ground-truth measurement at a high enough sampling interval provides data that can be 

compared with curvature data taken from measurement devices on-board a track geometry vehicle.  

Figure 7-26 depicts the VT research team working with NS personnel to manually lay out track 

sampling intervals for stringline measurements.  Figure 7-27 through Figure 7-32 provides the 

curvature measurements taken over each of the six ground truth curves listed in Table 5.  It is 

important to note that the curvature plots shown in this report are not representative of the 

geographic profile of the curve.  The curvature values on the plot indicate the magnitude of the 

track curvature but do not depict the geographic outline of the curve itself. 
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Figure 7-26 – The VT research team and Norfolk Southern personnel work together to complete a lengthy set 

of stringline measurements 

 

Figure 7-27 – A 3.2° right-hand curve measured at intervals of 7.25 feet.  Variation is visible between the 

19.5- and 19.55-mile marks.  This is expected to show up in the LIDAR recording of the curve 
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Figure 7-28 – A 2.1° right-hand curve measured at intervals of 15.5 feet.  Variation in the main body of the 

curve is revealed by discrete, unfiltered measurements 

 

Figure 7-29 – A 2.0° left-hand curve measured at intervals of 7.25 feet.  The main body of the curve seems to 

increase in magnitude with increasing distance.  The average of these values determine the main body 

curvature 
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Figure 7-30 – A 2.2° right-hand curve measured at intervals of 15.5 feet.  The main body of the curve contains 

high variation in alignment which contributes to car dynamics in the curve 

 

Figure 7-31 – A 2.3° right-hand curve measured in intervals of 15.5 feet.  The curve is relatively smooth with 

little variation 
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Figure 7-32 – A 2.5° right-hand curve measured in intervals of 7.25 feet.  High alignment variation is seen at 

the start of the main curve body.  Results shown later confirm this alignment is responsible for the car body 

motion observed in the curve 

As the plots show, stringline curvature measurements provide details on the continuity of curvature 

throughout a given curve.  Locations of curve discontinuities and high variation are easily 

determined through observations of the curvature profiles.  Segments of each profile that maintain 

constant curvature value indicate rail sections that are geometrically continuous in curvature.  

Ground truth data as shown above allows for direct comparison with data obtained by the LIDAR 

system.  Results are shown in the next section. 

7.9.3 LIDAR Curvature Measurement 

As described before, railroad curvature as determined by LIDAR is based on the speed profiles 

obtained from the left and right rails.  During curve navigation, a speed differential is obtained 

between both rails, which is correlated to degrees curvature.  Figure 7-33 shows the speed profiles 

produced by the LIDAR system as the geometry car traveled over the ground-truth test curves 

shown on the map in Figure 7-24.  The speed differentials at the six curve locations are apparent 

and correlate with the curve locations in Figure 7-34.  The distance units on the plot ordinates are 

relative markers and serve to provide spatial reference within the data shown.  
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Figure 7-33 – Speed profiles from the left and right channels on the LIDAR system (Channel 0 and Channel 

1, respectively).  The segments where a speed differential is clearly visible indicate curve navigation 

 

Figure 7-34 – The curvature profile of the six ground truth curves calculated from the speed differential 

shown in Figure 7-33.  Positive values indicate right-hand curves and negative values indicate left-hand 

curves 

Curvature data computed using LIDAR speed data is processed using a lowpass filter and a 

highpass filter separately.  The lowpass data reveals low-frequency behavior in the data which the 

VT research team believes is representative of the general curve characteristics [69].  The data is 

overlaid with ground truth data to show that the system provides information on the general curve 

trend as seen by the body-mounted system.  There is good agreement between the two data sets, 

suggesting the LIDAR system detects rail curvature.  The highpass data shows the high variation 

behavior in the LIDAR signal, which corresponds to the variation in the ground truth data.  It is 

believed that the car body motion in response to discontinuities in rail curvature are detected by 
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the LIDAR system.  The agreement between ground truth variation and variation in the LIDAR 

data suggest this is the case.  Figure 7-35 through Figure 7-46 show the lowpass and highpass 

results of the LIDAR curve profiles plotted with ground truth data shown in the previous section.  

The general curve trend using lowpass data is shown first followed by the highpass, high variation 

data for the same curve. 

  



 

113 

 

Figure 7-35 – LIDAR data under a lowpass filter over a 3.2° right-hand curve compared with ground truth 

data.  The good agreement between the data affirms the ability to measure general curve behavior with the 

LIDAR speed data 

 

Figure 7-36 – The LIDAR data under a highpass filter reveals the rail vehicle body’s response to local 

curvature discontinuities identified by ground truth data 
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Figure 7-37 – LIDAR data under a lowpass filter over a 2.1° right-hand curve compared with ground truth 

data.  The general curve trend from the perspective of the vehicle body reveals a steeper estimation in 

curvature than ground truth 

 

Figure 7-38 – LIDAR data under a highpass filter plotted with ground truth.  The overshoot is still present, 

however the body’s response to discontinuities is also apparent 
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Figure 7-39 – LIDAR data under a lowpass filter for a 2.0° left-hand curve shows a shallow estimation of 

curvature for the left-hand curve in the study 

 

Figure 7-40 – Highpass LIDAR data shows a correlation between signal variation with variation in ground 

truth data 
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Figure 7-41 – Lowpass LIDAR data plotted with ground truth for a 2.2° right-hand curve.  Data shows good 

agreement along curve entry and exit.  It is expected that the inertia of the moving car body is large enough to 

resist sharp discontinuities as the one seen in the ground truth main curve body section 

 

Figure 7-42 – Highpass LIDAR data over the right-hand curve.  A slight correlation exists between the 

variation in the data, where the seemingly spontaneous variation is owed to external influences not seen here 
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Figure 7-43 – Lowpass LIDAR data over a 2.3° right-hand curve.  A large overshoot in curve estimation is 

very apparent, suggesting the car body dynamic are differing from the local behavior of the suspension 

components 

 

Figure 7-44 – Highpass LIDAR data for the right-hand curve reveal high variation of the car body 

throughout the curve.  Unwanted car body oscillations may be influencing the behavior shown by the LIDAR 

data 
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Figure 7-45 – Lowpass LIDAR data for a 2.5° right-hand curve.  The agreement is high for this curve, 

considering the car body’s smoother curving behavior than what is recorded by ground truth measurements 

 

Figure 7-46 – Highpass LIDAR data over this curve suggests the car body motion is highly influenced by the 

local curvature discontinuities rather than oscillations from undeterminable, external influences 
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8 Development of a Curvature Quantification Algorithm 

One of the latest developments of the program is a method by which curves recorded by the LIDAR 

system are quantified in terms of degrees curvature.  Determining the curvature involves the 

identification of spiral regions transitioning from and to tangent track and identifying 

characteristics of the main body of a curve.  By implementing a general curve recognition 

algorithm, the manual process of quantifying a curve is removed and curves are instead measured 

under a single curve analysis protocol.  Though the curve detection parameters in the algorithm 

are variable, the standard for spiral sections has been defined as regions where the curvature 

exceeds 0.2 degrees.  Above this threshold, the track is assumed to be a spiral which is coupled 

with the curve main body.  Curves less than 0.1 miles from the tangent/spiral (T/S) point to the 

spiral/tangent (S/T) point are neglected to avoid false positives.  The rate at which the track 

changes curvature is also observed, as regions of constant curvature, making up the main body of 

the curve, produce a zero rate of change.  Therefore, observing when the rate of change of 

curvature falls below a particular threshold, in this case 0.1 degrees curvature per 31 feet, the local 

track is considered to be the main body of the curve.  Figure 8-1 below shows the curvature profile 

for the entire test run, a length of approximately 40 miles.  The curve-detection algorithm marks 

the detected curves with a maroon trace, while the complete curvature profile is given by the 

orange data.  The start of tangent-to-spiral sections are marked with a red circle and the spiral-to-

tangent points are marked with a blue circle.  Figure 8-2 though Figure 8-4 shows close-up views 

of the data centered around the ground truth curves.  The final close-up, Figure 8-4, provides a 

clear example of the detection of the tangent-spiral entry sections and spiral-tangent exit sections.  

The curves are labeled with their calculated curvature values and the estimated main curve bodies 

are bounded by the ‘x’ markers on the plot. 
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Figure 8-1 – Curves detected across the entire test run.  Detected curves are traced in maroon and the T/S 

and S/T sections are marked to show the bounds of the full curves 

 

Figure 8-2 – A close-up view of the ground truth curve section with several surrounding curves.  This figure 

demonstrates the algorithm’s ability to identify the bounds of the main body of each curve 

Ground truth curves 
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Figure 8-3 – Curve detection markings for a section of curves. 

On the far left of Figure 8-3, a false positive has been detected but is not accepted by the detection 

algorithm.  The first and third detected curves at miles 22.8 and 23.8 show successful detection of 

the full curve and main body.  The middle curve shows the possibility that the algorithm considers 

the T/S point to be the start of the main body.  This error will be addressed in future 

implementations 

 

Figure 8-4 – Ground truth curve quantifications.  The curvature values indicate the average curvature within 

the bounds of the main curve body 

8.1 Measurement of Similar Curves 

Along a particular test run contained in a single data file are curves with similar degrees of 

curvature available for comparison.  In the data file under current analysis there are 25 curves that 
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are similar in degrees curvature, though some are opposite in curvature orientation (left/right).  It 

is important to not only compare similar curves in degrees in orientation, but include curves with 

opposite orientation for analysis of symmetrical measurement.  It is expected that factors such as 

train speed, length of the main body of the curve, superelevation, and car body dynamics induced 

by rail geometry irregularities will contribute to inconsistencies in curvature measurement [70].  

The scaling factor used to obtain the data is 1.0669.  Table 6 below provides the measured values 

of the ground truth curves under analysis and similar curves along the test path.  The boldface 

values are those belonging to the ground truth curves and italicized values are curves opposite in 

orientation to ground truth curves of the same degree.  Figure 8-5 provides a bar chart comparison 

between LIDAR curvature values and IMU values.  The plot better provides “overshoot” or 

“undershoot” behavior of LIDAR curvature estimation relative to geometry car estimations.  
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Table 6 – List of curves measured by geometry car IMU and LIDAR data for an entire test run.  The ground 

truth curves as given by the LIDAR alignment algorithm are highlighted.  All other curvature values from 

LIDAR data have been determined by manual inspection 

Curve NS Milepost 
Alignment 

[deg] 

LIDAR Alignment 

[deg] 

LIDAR GPS 

Speed 

[mph] 

Elevation 

[in] 

1 N214 2.0R 2.6R 35.6 3.00 

2 N215 2.0L 2.0L 43.7 2.50 

3 N216 2.2L 1.7L 40.7 3.00 

4 N217 2.0L 1.9L 22.6 3.00 

5 N218 3.2R 3.6R 22.8 4.00 

6 N221 2.1R 2.1R 26.8 3.00 

7 N223 2.0R 2.5R 42.8 2.50 

8 N225 3.2R 3.8R 43.0 4.00 

9 N228 2.3R 2.6R 48.5 2.50 

10 N229 2.0L 1.4L 50.4 2.00 

11 N231 2.1L 1.8L 49.0 3.00 

12 N234 2.1R 2.8R 52.4 3.00 

13 N235 3.2R 3.44R 49.7 4.00 

14 N235 2.1R 2.48R 49.5 3.00 

15 N236 2.0L 1.40L 45.2 2.50 

16 N237 2.2R 2.68R 49.5 3.00 

17 N237 2.3R 1.49R 48.5 3.50 

18 N238 2.5R 2.76R 53.3 3.00 

19 N240 3.2R 3.3R 43.5 4.00 

20 N242 2.0R 3.4R 41.9 1.50 

21 N246 3.2L 3.2L 37.4 2.00 

22 N247 3.2R 3.9R 39.4 4.00 

23 N249 2.1R 2.6R 39.6 3.00 

24 N249 2.2R 2.9R 37.8 3.00 

25 N252 2.2L 1.8L 41.1 3.00 
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Figure 8-5 – Comparison of LIDAR and IMU alignment, or curvature measurements over test run 
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9 LIDAR Data Calibration Using Auxiliary GPS Data and Ground 

Truth Data 

9.1 Frequency Content and Filter Design 

Extraction of information from the speed profile is best carried out through observation of the 

frequency content of the data.  An averaged FFT over windowed samples of the clean, unfiltered 

data from the previous section (see Figure 7-4) results in the FFT shown in Figure 9-1.  A tone at 

0.059 Hz (approx. 17 s) and its harmonic, 0.12 Hz, are apparent, as well as a tone at 0.098 Hz 

(approx. 10.2 s). 

 

Figure 9-1 – Frequency content of data from the left rail channel 

Low frequency peaks in the FFT are not necessarily descriptive of inherent signal behavior, but 

are speed-dependent.  That is, the general shape of the speed profile is governed by the motion of 

the train over a given test and is not normally duplicated for multiple tests on the same track.  Given 

that the train generally does not travel a constant speed, the speed profile may contain rendered 

sinusoidal speed behavior from increasing speed followed by decreasing speed, or vice versa.  

These sinusoidal components will appear in the FFT on the order of 10-2 Hz. 

Additionally, during curve navigation, the left and right rail speeds exhibit a half-sinusoidal 

increase or decrease in speed depending on the orientation of the curve (left or right).  For tests 

with large numbers of curves, these sinusoidal profiles will also appear in the FFT.  The FFT peak 

location is speed-dependent due to the fact that the time it takes to navigate a curve, typically  

0.2 mi long, is based on speed of navigation.  For example, the peak at 0.059 Hz implies a period 
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of approximately 17 seconds.  Traveling a 0.2-mile curve over this amount of time implies a speed 

of 42.5 mph, which is a good estimated average speed considering the train travels in the upper 

region of its range of speeds (typically 0 to 70 mph).  This estimation suggests filtering of data 

should use a cutoff frequency below 0.059 Hz to suppress sinusoidal signal behavior due to curve 

navigations. 

One approach to find a suitable gain is to explore cutoffs below the established maximum (0.059 

Hz in this case) and observe the RMSE between the filtered and unfiltered signal, as is shown in 

Figure 9-2.  A minimum RMSE implies a filtered signal more representative of the original signal, 

or less error between the two.  The frequency with minimum RMSE under 0.059 Hz is 0.04 Hz 

and is used as the cutoff frequency with which to attenuate frequency components not related to 

the general speed behavior of the train. 

 

Figure 9-2 – The RMSE between the filtered and unfiltered data for various cutoff frequencies.  The 

approach here is to eliminate high variation in the data while maintaining a representative smooth speed 

profile 

Applying the filter with phase shift correction to the clean speed signal produces the smoothed 

profile as shown in Figure 9-3, where the unfiltered signal is also visible for comparison.  The 

RMSE for the left channel is .0771 and for the right channel 0.0629.  The filter performs well in 

attenuating the high-frequency content that originates from mechanical vibrations and system 

noise.  Additionally, waveforms from curve navigation are also removed where the signal 

temporarily increases or decreases depending on high or low rail monitoring.  The filter 
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specifications are used to process additional data available from the LIDAR system for calibration 

and curvature measurement. 

 

Figure 9-3 – Results of signal filtering.  The filtered signal provides a more accurate representation of the 

train’s longitudinal speed behavior 

The result of filtering the left and right channels is shown in Figure 9-4, before applying the proper 

scaling from calibration with GPS data (explained in the next section).  The data show to follow a 

similar speed trend with the exception of a short segment leading up to mile 21 where the left 

channel increases in speed momentarily and the right channel decreases.  This behavior represents 

a curve where the high rail (left rail in this instance) exhibits a higher relative speed to the car body 

than the low rail (right) to compensate for the longer distance traveled in the same amount of time.  

This differential is the key component of curvature measurement in processing LIDAR data. 
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Figure 9-4 – The filtered left and right rail signals shown together.  There is a clear misalignment between the 

signals which will be corrected through calibration across identified tangent track. 

The following section introduces the GPS signal and its utility in calibrating LIDAR speed data. 

9.2  GPS Data: Distance and Bearing Calculation for Tangent Track 

Identification and Speed Calibration 

The auxiliary GPS unit provides a speed signal in addition to latitude and longitude coordinates.  

This speed signal provides the capability of calibrating the LIDAR speed signals to account for 

any misalignment of the lenses and therefore inaccurate speed magnitude estimation.  Treating the 

GPS speed data as the fiduciary data set, matching LIDAR speed with GPS speed ensures the 

LIDAR speed data is correct and thus the speed-dependent curvature measurement is accurate. 

The latitude and longitude data provide useful information, namely distance and bearing, beyond 

the geographical trace of the car body for a given test run.  First, distance traveled is obtainable 

using an important navigation formula, haversine, which can be expressed as a function of latitude 

and longitude.  The haversine formula is given by 
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Assuming a spherical Earth with radius, Er , the formula involving the distance between two points, 

d , is given by 
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       122112 haversincoscoshaversinhaversin  








Er

d
 9-2 

where 1  and 2  are latitude points 1 and 2, respectively, and similarly for longitude points 1  and 

2 . 

Solving for d  produces 

   hrhrd EE arcsin2haversin 1    9-3 

where ℎ = haversin(𝑑/𝑟).  The explicit expression for 𝑑, with proper substitution, is thus 
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Taking a cumulative sum for all d  between each latitude-longitude pair produces the total distance 

traveled for a given test run. 

The second calculation, bearing, is an indicating of instantaneous heading.  The equation for 

obtaining bearing, 𝛽, is given by 
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where the denominator and numerator represent four-quadrant X and Y coordinates, respectively.  

The utilization of Eq. 9-5 equation above is commonly carried out with the atan2 function in 

software as opposed to the atan function. 
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Figure 9-5 – The speed profile, in ft/s, is shown along with the speed pulses registered by the GPS.  Since the 

GPS updates close to 1 Hz, the magnitude of the readings will match closely with the speed profile. 

 
Figure 9-6 – A cumulative distance comparison 

between LIDAR and GPS data (original and 

interpolated) 

 
Figure 9-7 – A closer view reveals the step nature of 

the GPS signal with an interpolated signal 

calculated to represent a truer distance record 

Applying the same resolution analysis to GPS speed data as that in Section 7.7.2 for LIDAR and 

encoder speed, it becomes apparent that GPS resolution is an order of magnitude higher than the 

encoder similar to LIDAR data.  The progression of the mean resolution with increasing speed for 

varying evaluation speed bandwidths is shown in Figure 9-8.  Note that the resolution of LIDAR 

data is on the order of Δv=10-2 mph, 10-1 mph for GPS, and 100 mph for the encoder. 
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Figure 9-8 – Progression of mean GPS resolution with increasing speed using varying speed bandwidths.  

LIDAR data shows the highest resolution, followed by GPS data, with the encoder showing the lowest 

resolution. 

The GPS speed and relative bearing profiles are shown below in Figure 9-9.  The bearing data 

shows the change in heading relative to the initial heading of the test run.  It is easy to deduce that 

changes in bearing indicate rotation of the car body and thus curve navigation.  Flat regions of the 

data, or constant bearing, are tangent sections where 𝑣𝐿 = 𝑣𝑅. 

 

Figure 9-9 – GPS speed and bearing profile over an entire test length.  The bearing is an indicationg of train 

heading and provides useful information about curves and tangent sections of track 

The indication of track curvature from changes in bearing leads to the investigation of the bearing 

derivative.  Similar to the function of an on-board IMU determining curvature from vehicle yaw 

rate, regions where the bearing rate is nonzero imply curve navigation.  Sections of constant 

bearing, then, indicate a bearing rate of zero and thus navigation of tangent track. 
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Figure 9-10 – Bearing rate computed as a spatial rate and as a temporal rate divided by instantaneous speed.  

A high correlation exists between the two profiles obtained through separate methods. 

Another advantage to using the bearing derivative is its zero-baseline placement, provided no drift 

in the original signal adding a constant first-derivative term that would otherwise have to be tended 

to.  Figure 9-10 illustrates this for just over 4 miles of track.  By identifying the peaks of the bearing 

rate profile, each left and right zero crossing is located which mark the corners at which the bearing 

profile is constant.  This procedure allows for the isolation of constant bearing regions and 

identification of LIDAR speed data corresponding to tangent track. 

The procedure to locate bearing rate peaks and their bounding zero crossings, described in detail 

below, involve the following primary steps.  First, regions where the bearing rate profile are 

concave down are located through the zero crossings of its derivative. Second, a detected peak in 

the input data that satisfies defined criteria is estimated by a least-squares fit to obtain the peak’s 

position and height. 

Smoothing method is a form of pseudo-Gaussian, or three passes of smoothing.  The derivative is 

obtained using a 2-point central difference following the basic algorithm below: 
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Figure 9-11 – Progression of the bearing rate signal through three passes of smoothing.  Three passess are 

sufficient enough to obtain a “pseudo-Gaussian” wave form, allowing for a Gaussian estimation of the peak 

shape. 

The Gaussian distribution formula is given by 
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where A  is the peak height,   is the “bell” lateral offset, or mean, and   is typically known as 

the standard deviation. 

Approximating data using a Gaussian quadratic fit is effective when the y-data is in natural log 

form.  Taking the natural log of both sides gives 
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which can be expressed as a quadratic polynomial approximation by 
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The error function is then 

   abxcxy  2ln  9-12 

Applying a least-squares fit involves the differentiation of the sum of 2  with respect to the 

polynomial coefficients in Eqn. 9-12.  Setting the resulting expressions to zero produces the 

following system of linear equations. 

 

 

 



























































yx

yx

y

c

b

a

xxx

xxx

xxN

ln

ln

ln

2

2

432

32

2

 9-13 

Using the MATLAB software, the coefficient matrix  Tcba  can be solved for and one can 

calculate the Gaussian curve estimation parameters using 
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In the presence of noise the accuracy of the estimations in Eqn. 9-14 are reduced by the presence 

of relatively low values of data.  To observe this, first consider the form of the natural log of the 

data in the presence of noise 

    yy lnˆln  9-15 

where   is additive, zero-mean random noise with variance 
2

 .  The error function is then 

   2ln cxbxay    9-16 

Expanding this into a Taylor series provides an updated error function that is more convenient for 

analysis.  The expansion about 0  is as follows. 
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which leads to the expression for the expectation 
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given that 0][ E  for zero-mean data and   22

 E . 
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Figure 9-12 below shows an example of Gaussian data and its logarithm form.  The Gaussian curve 

is produced using an amplitude of 1, mean of 5, and standard deviation 1.5.  The goal is to estimate 

these parameters using the quadratic coefficients presented above.  The logarithm of the data 

provides a parabolic profile with which to approximate using a 2-degree polynomial fit.  By 

excluding relatively low data in the polynomial fit, which adversely affects the calculation of error, 

a more accurate Gaussian estimate can be formed using the coefficient estimations just presented. 

 

Figure 9-12 – A visual representation of the data in Gaussian form and its parabolic nature after applying the 

logarithm.  This step allows for peak location along a quadratic profile 

The results from the fit are shown in Table 7 below.  It is shown that omitting the lower 20% of 

data yields results in an amplitude, mean, and standard deviation estimation closer to the 

theoretical Gaussian parameters. 

Table 7 – Estimations of Gaussian amplitude, mean, and standard deviation using a quadratic polynomial fit 

to the natural log of bearing rate peaks.  Omitting the lower 20% of data provides a more accurate 

estimation. 

Gaussian Signal Amplitude A  Mean   St. Dev.   

Theoretical 

(no noise) 
1 5 1.5 

Theoretical Estimate 1 5 1.5 

Noisy Signal Estimate 

(all data) 
0.8313 4.7909 1.7492 

Noisy Signal Estimate 

(top 80% percentile) 
0.9727 4.9899 1.5531 
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The estimated mean representing each Gaussian peak is then used to locate the relative position of 

each detected peak in the data.  This is shown in Figure 9-13 below where the peaks (and valleys) 

of the bearing rate profile are marked.  Also shown is the bearing profile to confirm that indeed 

the bearing rate peaks occur at the maximum rate of change between flat regions.  Locating the 

zero crossings on either side of each peak of the bearing rate is the method by which tangent section 

bounds are located.  Isolating the flat regions between the determined bounds yields tangent track 

data, as is shown by the blue clusters.  These are the regions which will allow for proper speed 

calibration as no speed differential exists. 

 

Figure 9-13 – The original bearing profile shown with identified tangent sections and bearing rate.  Finding 

the zero crossing of bearing rate on either side of the identified peaks represent the bounds of the tangent 

section, which are isolated from the overal bearing profile. 

Figure 9-14 shows a clearer bearing profile where the points of inflection, or bearing rate peaks 

are marked as well as the tangent section bounds.  The data in each flat region in between each dot 

is considered tangent track and is isolated for performing the calibration steps. 
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Figure 9-14 – Bearing profile with identified points of inflection and bounds of the tangent sections.  Points of 

inflection represent the location at which the curvature is greatest and mark the curve body.  Transition 

toward and away from the points of inflection are the spirals of the curve. 

A statistical observation of the detected bearing peaks show a correlation with curve 

characteristics.  In Figure 9-15, the average peak interval is 0.605 mi.  It is reasoned that this is 

also representative of the spacing between curve bodies.  Given that the test ran approximately 40 

miles and 64 peaks were detected, this implies a curve interval of 0.625 mi, reasonably close to 

the mean interval shown.  Furthermore, the mean peak width is 0.16 mi which is close to the 

average curve length of 0.2 mi.  Considering the peak width is measured at the half-peak-height, 

this is a good indication of accurate results. 

 

Figure 9-15 – An assessment of the peaks detected in the bearing rate profile.  The peak interval mean of 0.6 

miles correlates to the distance between curves in the data and the peak width mean of 0.16 miles correlates 

to the average curvature length of track, approximately 0.2 miles. 
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Calibrating the LIDAR speed signals to the fiduciary GPS speed signal exclusively along tangent 

track data results in the speed profile correlation shown in Figure 9-16 below.  The GPS signal is 

filtered as before and the LIDAR centerline speed is obtained from the left- and right-rail speed 

average AS DESCRIBED BEFORE.  The data show high correlation with an RMSE between the 

centerline speed and filtered GPS speed of 0.137. 

 

Figure 9-16 – Speed profile of the original GPS speed data with filtered GPS and calibrated LIDAR data.  

The inset shows a close-up view of the data, which correlates very well. 

A closer view of the speed profile in Figure 9-16 is shown in Figure 9-17 below.  Despite the GPS 

unit’s lower speed resolution compared with LIDAR, the filtered GPS signal over tangent track is 

sufficient to properly calibrate LIDAR speed to match true speed conditions. 

 

Figure 9-17 – A closer view at the calibrated LIDAR data.  The data show good correlation after calibrating 

using speed data over tangent track. 
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Figure 9-18 shows the left rail, right rail, and centerline speed properly calibrated.  The RMSE 

between the left and right rail speeds over tangent track is 0.0312.  Sections where a speed 

differential is shown is correlated to curves, explained earlier.  There are 6 distinguishable curves 

in Figure 9-18; higher left rail speeds indicate right-hand curves and higher right-rail speeds 

indicate left-hand curves. 

 

Figure 9-18 – Speed profile with calibrated left- and right- rail data as well as the average, centerline profile 

Figure 9-19 shows a closer view of LIDAR speed data where two curves are quite distinguishable.  

The high precision of LIDAR measurement is a significant component in the detection of speed 

differentials used for curvature measurement. 

 

Figure 9-19 – A closer view at speed differentials corresponding to curve navigation.  The high precision of 

LIDAR plays an important role in its ability to produce these differentials to correlate to degrees curvature. 
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Applying the same filter to the GPS signal produces the profile along the same section of data 

shown in Figure 9.  The original GPS signal is shown for comparison.  The RMSE between the 

signals is 0.0568, lower than that of the LIDAR data. 
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10 Summary and Recommendations 

10.1 Summary 

The results of an extensive series of tests were presented to evaluate the viability and applicability 

of LIDAR systems for measuring track speed, track curvature, and travelled distance in revenue 

service.  The Tests, initially conducted on the FRA’s R4 Hy-Rail vehicle to assess the feasibility 

of the LIDAR technology, helped determine the most suitable system installation configuration on 

a railcar.  The optimal LIDAR lens alignment evaluated during the tests was set at 60 degrees 

orientation from the longitudinal axis (direction of travel), as the sine of the angle allowed a simple 

correlation between detected speed and true speed.  Field tests on a track geometry railcar proved 

the system to be field-hardy and operable during several months of testing, over thousands of 

revenue service miles, in various weather conditions.  The tests proved that the LIDAR system can 

successfully provide the intended measurements with a higher degree of accuracy than wheel-

mounted encoders and GPS units.  The track curvature measurements proved to be at least as 

accurate as IMU measurements with added benefit of far broader range of speeds and not requiring 

additional sensors beyond the speed measurement unit. 

LIDAR speed accuracy, or resolution, was shown to be from 0.02 to 0.06 mph, considerably better 

than the encoder’s resolution that can be as large as 0.4 to 3 mph.  Additionally, the LIDAR system 

can operate over a wider range of speeds than other systems.  LIDAR can provide accurate 

measurements at speeds as low as 0.5 mph and beyond 70 mph, substantially extending the reliable 

speed range of encoders, IMUs, and other devices such as GPS.  The upper limit of speed can be 

adjusted by choosing the appropriate type of LIDAR unit and processor for applications such as 

high-speed trains.  This aspect was not evaluated in this study as the system was intended for 

freight application on standard revenue service track.  Distance calibrations tests show LIDAR to 

be accurate within 0.1% of ground truth measurements. 

Track curvature measurements also proved to, it has been shown that calculation of this parameter 

bears reasonable comparison with ground truth measurements.  Deviations observed in LIDAR 

data correlate well with deviations in ground truth data, implying that LIDAR is able to measure 

track curvature with sufficient resolution to show localized track alignments.  Any deviation 

beyond localized track alignment is attributed to the car body motion in the curve, and can be 
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filtered out to potentially use for assessing hunting in curves.  This aspect, however, was not 

evaluated in the study in detail. 

Additional comparison with curvature profiles measured by onboard systems on the track 

geometry railcar indicate good correlation for large sections of track, extending beyond 50 miles 

in a given test run.  The results confirm the validity of using the track speed differential for 

determining degree of curvature.  The data is processed such that no a priori knowledge of 

curvature for a section of curves is needed.  The mathematical approach that was used for curvature 

data signal processing could be improved to reduce the error that was observed in some curves 

(>5%). 

Finally, using GPS data as a means for data calibration independent of other external reference 

data was shown to be successful.  The global coordinate data (lat/long) was successfully used as a 

means of isolating tangent sections of track which are necessary for speed and distance calibration.  

The results from this method of calibration demonstrate the ability to calibrate the LIDAR system 

independent of wheel-mounted encoders, therefore enabling commercial use of the system 

onboard a wide variety of rail cars without encoders or ground truth assessment. 

10.2 Recommendations for Future Studies 

Further investigation of the effect of car body motion on tangent and curved tracks, such as 

hunting, sway, and any vertical vibrations, deserves further investigation, in order to better 

quantify their effects on the LIDAR measurements.  Such evaluations would require additional 

sensors beyond those used in this study.  Although we made a preliminary effort to do so in the 

later stages of the study, the data could not be used for a conclusive assessment of carbody motion 

in the measurements.  Although a laboratory assessment of such dynamics on a single-axis 

dynamometer in the lab indicated that the errors introduced in the measurements are minimal, field 

variations of the dynamic effects will provide a more conclusive assessment. 

Another topic that would deserve further research is the applicability and feasibility of processors 

that are simpler and more production-ready than the fully digital, high-priced processer that we 

selected for this research.  For this study, we opted for an off-the-shelf processor that could provide 

us with the intended results, in the most straightforward manner.  Now that the feasibility and 
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efficacy of the LIDAR system has been proven, more deliberation on dedicated processors that are 

less costly and more production ready are advised. 
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Appendices 

Appendix A.  Data Processor Outputs 

  

                                                 
1 Gage reading with reference to nominal gage width of 56.5’. Positive readings indicate gage widening, and negative 

readings indicate narrow gage. 

 
LIDAR PXI LIDAR PCI 

NS GEOMETRY 

CAR 

1 Time [s] Time [s] New Line Command 

2 Raw speed – Channel 0 [mph] Raw speed – Channel 0 [mph] Segment ID 

3 Raw speed – Channel 1 [mph] Raw speed – Channel 1 [mph] Data Line ID 

4 FWHM – Channel 0 FWHM – Channel 0 Division ID 

5 FWHM – Channel 1 FWHM – Channel 1 Track 

6 Intensity – Channel 0 Intensity – Channel 0 Geometry Car ID 

7 Intensity – Channel 0 Intensity – Channel 0 Date 

8 Raw curvature [degrees/100ft] Raw curvature [degrees/100ft] Milepost 

9 Raw centerline speed [mph] Raw centerline speed [mph] Test Dir (U/D) 

10 Latitude Latitude Foot Count 

11 Longitude Longitude Speed [mph] 

12 GPS Elevation [m] GPS Elevation Curvature (+/-) 

13 GPS Speed [mph] GPS Speed [mph] Superelevation [in] 

14 Tachometer Speed [mph] Tachometer Speed [mph] 1KGage 

15 Tach Direction Tach Direction Left Profile 

16 Status Bit Status Bit Right Profile 

17 Acceleration – X-direction Acceleration – X-direction Left Rail Wear 

18 Acceleration – Y-direction Acceleration – Y-direction Right Rail Wear 

19 Acceleration – Z-direction Acceleration – Z-direction Left Gage Wear 

20   Right Gage Wear 

21   Left Alignment 

22   Right Alignment 

23   Latitude 

24   Longitude 

25   Altitude [ft] 
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Appendix B. Analysis of Encoder Noise in Encoder Measurements  

In Section 4.3.2, the LIDAR speed data is compared with the encoder data. The encoder speed data 

is shown to be much noisier than the LIDAR data.  The unfiltered data for the 1.5 mile tangent 

track in Figure B-10-1 clearly shows that the encoder speed variation greatly increases with track 

speed, while the LIDAR speed variation does not suffer similar degradation.  In fact, compared 

with encoder data, the LIDAR output contains minimal noise content.  

 

Figure B-10-1: Speed variation over track speed for the encoder and the LIDAR system 

In an effort to decrease signal noise, the encoder was filtered with a third-order Butterworth filter 

with a cutoff frequency of 0.5Hz. At 40mph, 0.5Hz filtering corresponds to a distance of 

approximately 30 ft.  Figure B-10-2 below shows the effect of the filter on significantly reducing 

the noise. 
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Figure B-10-2: Encoder filtered with third-order Butterworth with 0.5 Hz cutoff frequency
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Appendix C. Rail Geometry Car Testing – Weather Summary Table 

Table B-1: NOAA weather summary (Farmville) for the four-hour inclement weather test period 

Time 

(24hr) 

Wind 

(mph) 

Weather Temperature Relative 

Humidity 

Precipitation 

Air Dew point 1hr 

4:35 SE 6 Light Rain 64 61 88% 0.03 

4:55 SE 8 / G 16 Rain 64 61 88% 0.05 

5:15 SW 16 / G 25 Heavy Rain 61 57 88% 0.14 

5:35 SW 13 / G 24 Heavy Rain 57 55 94% 0.2 

5:55 SW 10 Rain 55 54 94% 0.04 

6:15 SW 8 Rain 55 54 94% 0.1 

6:35 SW 9 Rain 55 54 94% 0.17 

6:55 SW 8 Rain 55 52 88% 0.04 

7:15 SW 9 Rain 54 52 94% 0.1 

7:35 SW 8 Rain 54 52 94% 0.19 

7:55 S 3 Rain 54 52 94% 0.01 

8:15 S 6 Rain 52 52 100% 0.06 

8:35 S 7 Rain 52 48 88% 0.08 

8:55 S 9 Rain 52 48 88% 0.01 

9:15 S 8 Rain 50 48 94% 0.05 

9:35 S 9 Rain 52 48 88% 0.07 

9:55 S 6 Rain 52 48 88% 0.01 

10:15 S 7 Light Rain 52 48 88% 0.01 

10:35 S 6 Overcast 52 48 88% 0.02 
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Appendix D. PXI System Testing – Frequency Content Analysis 

Analyzing the frequency content of high-fidelity data records is useful for quantifying the behavior 

of a dynamic system by identifying the major vibratory sources of the system, and for studying the 

impact of those vibrations. In the case of this study, the recorded LIDAR and encoder signals from 

the truck-mounted system discussed in Chapter 5 were put through an FFT analysis to break down 

the signals in terms of frequency content for a typical section of track.  Figure D-10-3 shows the 

speed signals of the LIDAR and encoder systems overlaid during a half-mile section of track 

containing one 3.1-degree left-hand curve (from distance 0.7 to 0.85 mi), and the FFT analysis of 

the filtered speed data, respectively. 

 

(d)  

 

(e)  

Figure D-10-3: LIDAR and encoder train speed on a tangent 3.1-degree left-hand curve tangent section of 

track (low-pass, third-order Butterworth filtered at 0.15 Hz): (a) the FFT frequency spectrum analysis of this 

filtered data; (b) showing a higher frequency content in the encoder data at all but the lowest frequencies  

Figure D-10-4(a) shows the filtered data (0.15 Hz, low-pass, third-order Butterworth filter used 

for generating the speed plots shown in Figure 51) for the encoder, left rail LIDAR, and right rail 
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LIDAR.  In Figure D-10-4b, the encoder frequency content is higher for almost all frequencies 

with the exception of very low frequencies.  Higher signal amplitudes at localized frequencies 

would typically indicate harmonic vibrations.  However, for the encoder, the frequency spectrum 

is distributed equally across a broad range of frequencies, indicating no distinct vibration of 

frequency, although the encoder has a broadband noise floor significantly higher than the LIDAR 

system.  Because the speed in Figure D-10-4(a) is heavily filtered, it is beneficial to evaluate the 

filtered data using a higher frequency filter cutoff (see Figure D-10-4a). 

Figure D-10-4a shows far more fluctuations in the encoder speed than the LIDAR, over the 

selected 0.5 mile of track, including the 3.1-degree left-hand curve.  The wheel-rail interference 

dynamics during curving is believed to be the primary factor contributing to the wide variations 

seen in the encoder output.  Examining the frequency content of the data in Figure D-10-4b, where 

the encoder and LIDAR speed data spreads out over a broad frequency spectrum, with no particular 

resonance peak, although the encoder has significantly more content at higher frequencies.  

Finally, an FFT frequency spectrum analysis is presented for the unfiltered speed signal data for 

the same section of track (Figure D-10-5).  This frequency analysis shows that the broadband 

frequency content is significantly higher for the encoder sensor over the LIDAR readings, from 

upward of 1 Hz.  The wheel-rail interference dynamics during curving is believed to be the primary 

factor contributing to this broadband noise seen in the encoder output.  The encoder and LIDAR 

speed data also spreads out over a broad frequency spectrum, with no particular resonance peak. 
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(b) 

Figure D-10-4: LIDAR and encoder train speed on a -3.1-degree left-hand curve tangent section of track (low-

pass, third-order Butterworth filtered at 2Hz): (a) the FFT frequency spectrum analysis of this filtered data; 

(b) again showing a higher frequency content in the encoder data at all but the lowest frequencies 

 

Figure D-10-5: A close-up of the frequency spectrum of LIDAR and encoder speed data along a 0.5 mile 

section of track including a 3.1-degree left-hand curve, unfiltered.  This frequency analysis shows the 

broadband frequency content significantly higher for the encoder sensor, from 1Hz upwards 
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